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ABSTRACT 
Both domestic and wild native animal species represent a genetic biodiversity heritage of inestimable 

value all over the world. Their valuable intrinsic properties contribute to support economic prosperity 

and human well-being, despite the deep changes that are “globally” and “locally” taking place. 

Knowing, valorizing and conserving these precious genetic resources is a social, cultural, scientific 

and economic imperative that is the key to adaptation and survival in a human dominated 

environment.  

Italy appears to be one of the richest countries in animal biodiversity within the European Union. 

Because of the presence of extremely different environments, it has the highest number and density 

of animal species characterized by a high rate of endemism. However, the combined effect of harmful 

anthropic actions and the introduction of modern intensive production methods, associated to 

increasing income, human population and urbanization, has led to a dramatic increase in the number 

of endangered native species, resulting in an irreversible loss of genetic resources.  

In this scenario, Italian biodiversity of local poultry and rabbit breeds, as well as native Mediterranean 

trout populations, is currently in an alarming decline. As result, over the last two decades, these 

valuable genetic resources becoming the focus of important national conservation programs, 

exclusively aimed at the maintenance of live populations. According to the Food and Agriculture 

Organization of the United Nations (FAO), the in situ conservation strategy is in fact considered a 

priority for the safeguard of endangered populations. However, this approach, is often too expensive, 

and the achievement of genetic goals is going on at a relatively slow pace. Therefore, the ex situ in 

vitro strategy, as integrated support to the in situ strategy, is getting more and more attention. In 

particular, the use of artificial insemination (AI) with cryopreserved semen has been recognized as 

the most widespread method for ensuring the long-term conservation of genetic diversity, through the 

establishment of semen cryobanks. 

In this context, the urgent need to establish national actions aimed at promoting ex situ conservation 

programs, has recently favored the financing of three important projects, one of which is an European 

project: 1) Recovery of S. macrostigma: Application of innovative techniques and participatory 

governance tools in the rivers of Molise - (Life Nat.Sal.Mo); and two national projects 2) Tutela della 

Biodiversità nelle razze Avicole Italiane – TuBAvI (MiPAAF); 3) La Cunicoltura del Futuro: 

benessere e sostenibilità degli allevamenti cunicoli italiani - Cun-Fu (MiPAAF). These projects have 

a common aim, which is to preserve and valorize the local poultry and rabbit breeds (TuBAvI and 

Cun-Fu projects), and native Mediterranean trout populations (Nat.Sal.Mo project), through the 

combined use of in situ and ex situ conservation strategies. Accordingly, milestones of the present 

projects are the creation of semen cryobanks for the safeguard of these precious Italian heritage. In 
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this regard, systematic studies of the main factors affecting the cryopreservation procedures of turkey, 

rabbit and Mediterranean trout semen have become necessary, in order to reduce cell damages caused 

by freezing/thawing process.  

In the light of this, the present doctoral thesis is an integral part of the three more extended projects 

mentioned above. The research activities were focused on developing effective reference procedures 

in order to ensure the long-term conservation of this valuable Italian genetic diversity. In accordance 

with these goals, a comparative proteomic study on fresh and frozen rabbit semen was also performed 

in order to provide new knowledge concerning the main mechanisms involved in cryogenic sperm 

damage in this species.  

The results of these studies are presented in the form of six published manuscripts and one draft article 

divided into four sessions, as follows: 

• session 1 includes three studies designed to optimize and identify a reference procedure for semen 

freezing of native Mediterranean trout and the results obtained from the start-up of the semen 

cryobank for this species; 

• session 2 includes two studies aimed to identify and standardize a reference procedure for freezing 

turkey semen through the evaluation sensitivity to freezing in vitro and the fertilizing ability in 

vivo. Moreover, the activities performed for the implementation of the first Italian avian semen 

cryobank were also reported in detail; 

• session 3 includes one study designed to develop a reference procedure for rabbit semen 

cryopreservation by comparing two extenders and three different inseminating doses, followed by 

the results achieved from the creation of the first national semen cryobank for Italian rabbit breeds;  

• session 4 includes one draft article aimed to evaluate, for the first time, the changes in rabbit semen 

proteins induced by cryopreservation process, trought comparative analysis of the differential 

expression of proteins in fresh and frozen semen.  
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RIASSUNTO 
Le specie animali, sia domestiche che selvatiche, rappresentano un patrimonio di biodiversità 

genetica di inestimabile valore in tutto il mondo. Le loro caratteristiche intrinseche contribuiscono a 

sostenere la prosperità economica e il benessere umano, nonostante i profondi cambiamenti in atto a 

livello globale e locale. Conoscere, valorizzare e conservare queste preziose risorse genetiche è un 

dovere sociale, culturale, scientifico ed economico e rappresenta la chiave dell’adattamento e della 

sopravvivenza in un ambiente dominato dall’uomo. 

L’Italia, essendo caratterizzata da una grande varietà di paesaggi ambientali e climi estremamente 

diversi, è considerata uno dei paesi europei più ricchi di biodiversità animale con il maggior numero 

di endemismi. Tuttavia, l’effetto combinato di azioni antropiche dannose e l’introduzione dei moderni 

sistemi di produzione intensiva, associati all’aumento del reddito, della popolazione umana e 

all’urbanizzazione, hanno portato ad un aumento drammatico del numero di specie autoctone in via 

di estinzione, guidando il paese verso un irreversibile perdita di risorse genetiche. 

In questo scenario, il numero di razze avicole e cunicole italiane, così come le naturali popolazioni 

autoctone di Trota Mediterranea, sono attualmente in allarmante declino. Pertanto, negli ultimi due 

decenni, queste preziose risorse genetiche sono diventate il fulcro di importanti programmi di 

conservazione, finalizzati esclusivamente al mantenimento delle popolazioni in situ. Secondo 

l’Organizzazione delle Nazioni Unite per l’alimentazione e l’agricoltura (FAO), questa strategia di 

conservazione è considerata prioritaria per la salvaguardia delle popolazioni a rischio di estinzione. 

Tuttavia, a causa della complessità del mantenimento degli animali vivi, questo tipo di approccio 

risulta spesso troppo costoso ed il raggiungimento degli obiettivi genetici procede ad un ritmo 

relativamente lento. Di conseguenza, la strategia di conservazione ex situ in vitro sta ottenendo 

sempre più maggiore attenzione nell’ambito della gestione e conservazione delle risorse genetiche 

animali, come supporto integrato alla strategia in situ. In particolare, la possibilità di utilizzare il seme 

congelato nella pratica dell’inseminazione artificiale (AI), rappresenta un fattore chiave per assicurare  

la conservazione a lungo termine della diversità genetica, attraverso l’istituzione di una criobanca del 

seme. 

In questo contesto, l’urgente bisogno di istituire azioni nazionali volte a supportare l’attuazione di 

programmi di conservazione ex situ in vitro, ha recentemente promosso il finanziamento di tre 

progetti, di cui uno europeo 1) “Recovery of S. macrostigma: Application of innovative techniques 

and participatory governance tools in the rivers of Molise” (Life Nat.Sal.Mo); e due italiani 2) “Tutela 

della Biodiversità nelle razze Avicole Italiane” (TuBAvI); 3) “La Cunicoltura del Futuro: benessere 

e sostenibilità degli allevamenti cunicoli italiani” (Cun-Fu). I presenti progetti, sono caratterizzati da 

uno scopo comune, ossia quello di preservare e valorizzare le razze avicole e cunicole italiane 



4 
  

(TuBAvI e Cun-Fu) e le popolazioni native di Trota Mediterranea (Life Nat.Sal.Mo), attraverso l’uso 

combinato di strategie di conservazione in situ ed ex situ. Pertanto, nell’ambito di questi progetti, la 

creazione delle prime criobanche del seme italiane finalizzate alla salvaguardia di questo prezioso 

patrimonio di biodiversità animale, ha rappresentato un importante pietra miliare. A tal riguardo, sono 

divenuti necessari studi sistematici dei principali fattori in grado di influenzare il successo delle 

procedure di crioconservazione del seme di tacchino, coniglio e Trota Mediterranea, al fine di ridurre 

il danno cellulare provocato dal processo di congelamento/scongelamento.  

Alla luce di questa premessa, le attività di ricerca incluse nella presente tesi di dottorato sono parte 

integrante dei tre progetti più estesi sopramenzionati, il cui scopo è stato quello di sviluppare efficaci 

procedure di riferimento per la crioconservazione del seme di queste preziose risorse genetiche 

italiane, al fine di garantirne la conservazione a lungo termine. Inoltre, in linea con il raggiungimento 

dei presenti obiettivi, è stato effettuato anche uno studio di proteomica comparativa che ha avuto 

come scopo quello di confrontare i pattern proteici del seme di coniglio fresco e crioconservato. La 

logica di questa ricerca è stata quella di svelare, per la prima volta, i principali meccanismi coinvolti 

nel danno criogenico del seme nella specie cunicola. 

I risultati di questi studi sono presentati sotto forma di sei manoscritti pubblicati e una bozza di 

articolo, opportunamente ripartiti in quattro sessioni come segue:   

• la sessione 1 include tre studi finalizzati ad ottimizzare e identificare una procedura di riferimento 

per la crioconservazione del seme di Trota Mediterranea, ed i risultati ottenuti dall’avvio della 

prima criobanca del seme per questa specie; 

• la sessione 2 include due studi il cui scopo è stato quello di identificare e standardizzare una 

procedura di riferimento per il congelamento del seme di tacchino, attraverso la valutazione della 

sensibilità al congelamento in vitro e della capacità fertilizzante in vivo. Inoltre, sono riportate nel 

dettaglio le attività svolte ed i risultati ottenuti dalla creazione della prima criobanca italiana del 

seme di razze avicole autoctone; 

• la sessione 3 include uno studio il cui obiettivo è stato quello di sviluppare una procedura di 

riferimento per la crioconservazione del seme di coniglio, attraverso la comparazione di due 

diluenti e tre differenti dosi di inseminazione. Inoltre, sono riportati i risultati ottenuti dall’avvio 

della prima criobanca italiana del seme di razze cunicole autoctone;	

• la sessione 4 include i risultati sperimentali ottenuti dalla prima analisi comparativa del profilo 

proteico del seme di coniglio fresco e congelato, finalizzato a valutare i principali meccanismi 

fisiologici e biochimici influenzati dalla procedura di criocoservazione del seme nella specie 

cunicola.	
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Chapter 1 
 

Animal genetic diversity: main threats, assessment and current risk status 
 

 

1.1 The definition and levels of biodiversity 

The word ‘biodiversity’ is a contraction of the phrase "biological diversity" and was first coined in 

1985 by Walter Rosen of the National Research Council, he used it as a title word in a seminar he 

was organizing to discuss biological diversity. Later, in 1992, the governments of most of the world’s 

countries signed the UN Convention on Biological Diversity in Rio de Janeiro, which defined the 

term "biodiversity" as “the variability among living organisms from all sources, including terrestrial, 

marine and other aquatic ecosystems and the ecological complexes of which they are a part; this 

includes diversity within species, between species, and of ecosystems” (Glowka et al., 1994). 

As reported in the definition, the biodiversity consists of different organization levels 

(https://www.uwgb.edu/biodiversity/about/biodiversity.asp), including: 

• Genetic diversity measures the amount of inherited genetic variability contained within a 

population of species. Even when species are not extinct, their survival can be severely 

compromised, if genes that confer specific survival traits, such as disease resistance or 

environmental tolerance are lost, when population size is decreased by habitat fragmentation or 

other effects. Therefore, it serves as a way for populations to adapt to changing environments and 

its loss will globally would limit options for future genetic improvement programs. 

• Species diversity is a measure of how many different species are present in any given area. The 

totality of all organisms of the same group within a species, which live in a particular geographical 

area and have the capability of interbreeding, constitutes a population. Populations contain genetic 

variation within themselves (intra-species diversity) and between other populations (inter-species 

diversity). The existence of a species population in geographically and environmentally distinct 

areas is considered important, in order to maintain diversity in the gene pool and to protect the 

species against events, such as isolated epidemics of disease and predators that could exterminate 

entire populations. 

• Ecosystem diversity describes the variety of communities or habitats that exist. Ecosystem 

diversity is much harder to measure because the boundaries of many communities or habitats are 

not usually permanent like that of a pond, but they gradually change from one type to another. The 

structure of each ecosystem is determined by the state of a number of interrelated environmental 
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factors. Changes in any of these factors such as nutrient availability, temperature, light intensity, 

grazing intensity, and species population density may result in a detrimental effect, with a 

consequent loss in biodiversity (Tacconi, 2000). 

1.2 Biodiversity in the livestock sector: importance and main threats 

In animal husbandry, the concept of biodiversity mainly refers to the genetic diversity, namely the 

genetic variability contained within a population of species. There are more than 50.000 species of 

mammals and avian species known to man, of which only about 40 have been domesticated and 

developed by humans to form the farm animal genetic resources (AnGR) that remain today (FAO, 

2000). Thousands of years of animal husbandry and controlled breeding, combined with the effects 

of natural selection, have given rise to a great genetic diversity among the world’s livestock 

populations. High-output animals – intensively bred to supply uniform products under controlled 

management conditions – coexist with the multipurpose breeds kept by small-scale farmers and 

herders, mainly in low external input production systems, which together constitute the "Domestic 

Animal Diversity" (DAD). According to FAO, an effective management of this animal genetic 

diversity is essential in order to ensure global food security, underpinning healthy and nutritious diets, 

improving rural livelihoods, enhancing the resilience of people and communities, promoting 

sustainable development and ensure the sustenance of hundreds of millions of people. And yet, over 

the past twenty years, general economic development associated with the rapidly rising demand for 

livestock products in many parts of the developing world led the animal genetic diversity in a state of 

decline. This inevitable process of genetic depletion, driven by growing consumer demand for animal 

products, has already been foreseen in 1999 and termed the “Livestock Revolution” in a joint report 

of FAO, International Food Policy Research Institute (IFPRI) and International Livestock Research 

Institute (ILRI) (Delgado et al., 2001).  

Based on the analysis of the latest global data, the State of the World’s Animal Genetic Resources 

for Food and Agriculture (FAO, 2019a) reported that of the world's 8.803 livestock breeds, a total of 

2.133 breeds are classified as being at risk (24% of all breeds including those that are extinct); while 

the percentage of breeds classified as being of unknown risk is approximately 59% (Figure 1.1). In 

developing countries, genetic diversity is potentially threatened by multiple factors and many authors 

seems to agree in regards to the general trends and factors threatening AnGR. Among the major 

causes of genetic erosion the following are listed: 1) the use of exotic germplasm, 2) changes in 

production systems, 3) changes in producer preference because of socio-economic factors, 4) a range 

of disasters (drought, famine, disease epidemics, civil strife/war), 5) specialization (emphasis on a 

single productive trait), 6) genetic introgression, the development of technology and biotechnology, 
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and political instability (Rege, 1999; Rege and Gibson, 2003; Tisdell, 2003; Iñiguez, 2005; Floros et 

al., 2010). According to FAO, probably the most significant threat is the marginalization of traditional 

production systems and associated local breeds, driven mainly by the rapid spread of intensive 

livestock production on a large-scale and the use of a narrow range of breeds. Global production of 

meat, milk and eggs is increasingly based on a limited number of high-output breeds – those that are 

most profitably utilized in industrial production systems. These intensification and industrialization 

processes have clearly been facilitated by the ease with which genetic material, production 

technologies and inputs can now be moved around the world (FAO, 2007). 

In this scenario, the wise management of the world’s livestock biodiversity is becoming an ever-

greater challenge for the international community. 

 

 

Figure 1.1. Proportions of the world’s breeds by risk status category (FAO, 2019a) 

1.2.1 The relevance of local indigenous breeds 

From the scientific perspective, the locally adapted indigenous breeds constitute as a major 

component of farm animal biodiversity and are characterized by their excellent adaptation to specific 

environmental conditions (Papachristoforou et al., 2013). Most landraces persist in areas that are 

geographically remote or culturally and economically marginalized. Traditional livestock keepers 

have been the stewards of this animal genetic diversity. Although the intensification of agriculture, 

with internationally marketed livestock, has led to a remarkable reduction in the number of local 

breeds, they are still considered the basis of the selection for an efficient food production in the 
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changing environment (FAO, 2007, 2010). Thanks to their unique characteristics, such as 

tolerance/resistance to various disease (including serious entero- and ecto-parasites), tolerance to 

extreme climatic factors, or supply of specialized products (Hammond, 2000), these breeds can be 

considered specifically adequate in withstanding the future emergence of new and virulent animal 

diseases, rapid climate change, selection errors, unforeseen catastrophic events and changes in 

consumer preferences.  

The main critical point of local breeds is generally low productivity, which implies that a large part 

of the body resources are used for maintenance (kinetic activity, forage behavior, immune response) 

and only the residual are assigned to production traits. Even though local breeds are not competitive 

for production traits, they could be used in extensive farming system (Castellini, 2005; 2008), which 

requires high kinetic activity and adaptation to less protected environments (Dal Bosco et al., 2011). 

The sustainable use of local breeds in agroecological production systems can provide important 

ecosystem services. Among these, provisioning services such as food, fibre and genes, but also 

cultural services, such as maintenance of cultural heritage or identity and regulating services, such as 

landscape and biodiversity management, become important sources of income to vitalise rural areas 

(Ovaska and Soini, 2017). New forms of rural entrepreneurship that utilise local breeds, e.g., tourism 

and Green Care, are developing and expanding in rural areas (Hassink and van Dijk, 2005; MA, 2005; 

European Commission, 2008; Soini and Lilja, 2014; Ovaska and Soini, 2017). Hence, the continuous 

erosion of these precious animal genetic resources would reduce opportunities to develop rural 

economies in some countries, as well as have negative social and cultural impacts, given the long 

history of domestication and the resulting incorporation of the local breeds into community culture. 

Replacement of indigenous breeds could result in the loss of products and services preferred by local 

people and the conservation of local breeds must, therefore, be considered within the broader context 

of sustaining rural communities and their existing economic foundations. Moreover, such losses may 

now limit future development options, based on animal products and services from specific breeds, 

that otherwise could have added considerable economic value, as consumer demands become more 

varied (FAO, 2007). In such circumstances, many FAO reports indicated the need to identify effective 

strategies, at national and international level, to valorise and preserve the local breeds, as part of the 

global heritage of animal genetic resources, mainly promoting the in situ conservation programs for 

their sustainable use (Gandini and Oldenbroek, 2007). 
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1.2.2 Assessment and classification of the risk status of livestock breeds under FAO criteria 

An assessment of the risk status of livestock breeds or populations is an important element in the 

planning of the AnGR management. It is an indicator and informs stakeholders on whether or not and 

how urgently genetic conservation actions need to be taken. 

Gandini et al. (2004) defines the “degree of endangerment” as “a measure of the likelihood that, under 

current circumstances and expectations, the breed will become extinct.” Accurately estimating 

degrees of risk is a difficult undertaking and incorporates both demographic and genetic factors. The 

extent of the risk is commonly expressed in terms of the rate of inbreeding (ΔF) in the population, 

which is a measure of the expected changes in gene frequencies in the population, due to genetic drift 

(Woolliams, 2004). The rate of inbreeding (ΔF) is often described as the effective population size 

(Ne). As Ne goes up ΔF decreases, or more formally: 

Ne = 1/(2 ΔF) 

The value of Ne in a population is often approximated on the basis of the following equation:  

Ne = 4MF/(M+F) 

where M and F are number of reproducing males and females. The method is based on the assumption 

that mating between these breeding animals are random. 

At low levels of Ne (<100), the rate of the loss of genetic diversity increases dramatically (FAO, 

1992a). For example, when Ne is equal to 250, 125, 50 and 25, in ten generations, approximately 1.6, 

4, 10 and 18% of genetic diversity is lost, respectively. However, the collection of the demographic 

data, needed to calculate Ne, is often problematic: there may be inconsistencies in census data and 

registration of females and offspring, some females may be used in crossing programmes and not all 

females may be bred each year (Alderson, 2003). Additionally, it can be seen from the above equation 

that the value of Ne is far more readily influenced by changes affecting the male, often smaller 

breeding population than the female, underlining the importance of considering the number of 

breeding males in any assessment of the risk status. 

In addition to the current effective population size, the degree of the risk is related to the future trends 

of population growth. As noted above, where populations are small there is a greater likelihood that 

adverse events or trends will lead rapidly to extinction. Conversely, above a certain population size, 

the risk of such an outcome can be regarded as small. The more rapidly a population builds up to 

reach the critical size, the less it is exposed to the risk of extinction. Obviously, if population figures 

are low and the growth trend is negative, the prospects for the breed are not good. However, the 

assessment of the population growth trend is not easy (FAO, 2007). A complicating factor is that the 

breed population growth rates often show considerable fluctuations over time, due to variability of 
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market demand, patterns of disease, the existence of programmes for and awareness of AnGR 

conservation, the general economic stability of the agricultural sector, the spatial distribution and the 

density of the population (Gandini et al., 2004). Calculating the probability that the population size 

will lie within a given range at a given time in the future is, thus, fraught with theoretical and data-

related difficulties. 

In addition to overall population size and growth rates, another important factor, affecting the risk 

status of a population is the geographical concentration of the breeds (FAO, 2007); a highly 

concentrated population is more vulnerable to threats, such as natural disasters, disease epidemics or 

inappropriate management, unlike a population with a wider distribution or territorial dispersion. 

In 1992, FAO convened an Expert Consultation to develop recommendations for the assessment of 

the risk status. The preference was for a breed risk status classification based on the concept of Ne, 

adjusted by trends in population size, extent of cross-breeding, extent of cryopreservation and 

variability of family size. It was also suggested that the number of herds and trends in the number of  

herds should be included (FAO, 1992a). However, data limitations and the necessity of a consistent 

approach on a global scale meant that a simpler approach was adopted, based on the number of 

breeding females and males and trends in population size.  

As such, according to FAO classification (2016), seven different criteria to establish the risk status of 

a specific breed are identified, whose complete definitions are summarized in the table 1.1. 

 

Table 1.1. Criteria to establish the risk status of a breed (FAO, 2016) 

Criteria Definition 

Extinct The case when it is no longer possible to recreate a population of the 
breed. Extinction is absolute when there are no breeding males 
(semen), breeding females (oocytes), nor embryos remaining. 

Critical A breed where the total number of breeding females is less than 100 
or the total number of breeding males is less than or equal to five; or 
the overall population size is close to, but slightly above 100 and 
decreasing, and the percentage of pure-bred females is below 80 
percent. 

Critical-maintained As for critical, but for which active conservation programme are in 
place or populations are maintained by commercial or research 
facility. 
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Endangered A breed where the total number of breeding females is between 100 
and 1000 or the total number of breeding males is less than or equal 
to 20 and greater than five; or the overall population size is close to, 
but slightly above 100 and increasing and the percentage of purebred 
females is above 80 percent; or the overall population size is close to, 
but slightly above 1 000 and decreasing and the percentage of pure-
bred females is below 80 percent. 

Endangered-maintained As for endangered, but for which active conservation programme are 
in place or populations are maintained by commercial or research 
facility. 

Not at risk A breed where the total number of breeding females and males is 
greater than 1 000 and 20 respectively; or the population size 
approaches 1 000 and the percentage of pure-bred females is close to 
100 percent, and the overall population size is increasing. 

Unknown This category calls for urgent action: a survey is needed, the breed 
could be critical, endangered or not at risk. 

 

1.2.3 Overview of the breed diversity and risk status of livestock with special emphasis on 

poultry and rabbit species 

Based on the analysis of the latest updated global data (FAO, 2019a), a total of 8.803 breeds has been 

reported, of which 7.745 are local breeds and 1.058 are transboundary breeds. Among the 

transboundary breeds, 511 are regional transboundary breeds (reported in only one region) and 547 

are international transboundary breeds (reported in more than one region). Presently, the 7% or 600 

breeds are classified as extinct, of which 6 are transboundary breeds. Regional transboundary 

mammalian breeds are relatively numerous (more than 5 percent of the respective total number of 

breeds in the region) in Europe and Caucasus, Africa, and North America. There are the largest 

numbers of regional transboundary avian breeds in Europe and the Caucasus (68 breeds in Europe 

and the Caucasus versus fewer than 10 in each of the other regions).  

Tables 1.2 and 1.3, respectively, show the numbers of the reported local breeds of mammalian and 

avian species for each region of the world. In particular, the largest number of local breeds for 

chicken, turkey and rabbit inhabit Europe and Caucasus region; of a total of  1.437 chicken breeds, 

90 turkey breeds and 289 rabbit breeds, existing worldwide,  Europe and Caucasus host 832, 41 and 

228, respectively. 

According to the Domestic Animals Diversity-Information System (DAD-IS) FAO database, which 

monitors the status of breeds in the world and evaluate criteria for assigning breeds to risk status, a 

total of 2.133 breeds are classified as being at risk (24% of all breeds including those that are extinct). 

The percentage of breeds classified as being of unknown risk is approximately 59%. The large 
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number of breeds for which no risk-status data are available, seriously limits the effective 

prioritization and planning of the breed conservation measures. 

 

Table 1.2. Number of reported local mammalian breeds in the World including rabbits (in orange box) (FAO, 2019a). 

  

 

Table 1.3. Number of reported local avian breeds in the World including chicken (in red box) and turkey (in blue box) 
(FAO, 2019a). 

  
 

When it comes to the risk status of the world's mammalian breeds in 2018, sheep, cattle and horse 

have the largest numbers of breeds at risk. However, rabbits (52%), horses (30%) and asses (22%) 

are the species with the largest proportions of breeds at risk. Among 349 local rabbit breeds, 128 are 

considered unknown, 91 are critical, 66 endangered and 1 results as extinct (Figure 1.2).  
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Among avian species, chickens have by far the greatest number of breeds at risk on a global scale 

(Figure 1.3). It has been reported that of 1641 local chicken breeds, 984 are classified as unknown, 

151 are considered critical, 211 are defined as endangered and 49 result as extinct. Among turkeys, 3 

breeds are considered as critical, 7 are classified as endangered, 4 breeds result as extinct, while 88 

local turkeys are defined “unknown”. The proportion of avian breeds of unknown risk status is even 

greater than that of mammalian species. 

 

 
Figure 1.2. Risk status of the world’s mammalian breeds including rabbit breeds (in orange box), expressed in absolute 
(table) and percentage (chart) value (FAO, 2019a) 
 

 
Figure 1.3. Risk status of the world’s avian breeds including chicken (in red box) and turkey (in blue box) breeds, 
expressed in absolute (table) and percentage (chart) value (FAO, 2019a) 
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Tables 1.4 and 1.5 present the numbers of extinct mammalian and avian breeds by species and region. 

Europe and the Caucasus region have reported far more extinct mammalian and avian breeds than 

any other region – 78% of the extinct mammalian breeds and 86% of avian breeds are reported, in 

fact, from Europe and the Caucasus region. The predominance of Europe and the Caucasus region in 

terms of the number of breeds reported as extinct may be related to the relatively advanced state of 

breed inventory and monitoring in this region, in addition to socio-economic factors affecting the 

breed development. 

Among mammalians, rabbits have got only one breed that results as extinct in Europe and Caucasus 

region (Table 1.4). Among avian breeds, the majority of extinct breeds have mainly been reported 

among chickens, whilst only a few cases among ducks, goose, guinea fowls and turkeys have been 

reported (Table 1.5) (FAO, 2019a). 

 
Table 1.4. Numbers of extinct mammalian breeds including rabbits (in orange box) (FAO, 2019a) 

  

 
Table 1.5. Numbers of extinct avian breeds including chicken (in red box) and turkey (in blue box) (FAO, 2019a) 
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1.3 Fish biodiversity: importance and main threats 

Fishes are appropriate indicators of trends in aquatic biodiversity because their enormous variety 

reflects a wide range of environmental conditions. Moreover, they also have a major impact on the 

distribution and abundance of other organisms in waters they inhabit, they are an important part of 

the world’s natural heritage and provide ecosystem services for tens of millions of people, especially 

for commercial and recreational fisheries.  

Because over two-thirds of the earth's surface is covered with water and because the average ocean 

depth is approximately 4.000 m, it might be expected that a large majority of aquatic species would 

be found in the open ocean. This is not the case, however; the surface and deep waters of the ocean 

are relatively uniform habitats of low productivity and contain few species. The greatest diversity of 

aquatic life is distributed overwhelmingly along continental shelves, in reefs associated with islands, 

or in fresh water (Moyle and Leidy, 1992).  

It has been estimated that the total number of all fishes species is 32.500 (Nelson, 2006). Considering 

that freshwater may constitute less than 0.3% of available global water, the presence of more than 

15.000 freshwater fish species is surprisingly high. While marine communities contain more species 

in total, freshwaters are far richer per unit of volume of habitat. This reflects the productivity, 

physiographic diversity and geographical isolation of freshwater habitats (Ormerod, 2003). 

Comprising approximately 25% of all vertebrates, freshwater fishes are an important component of 

global biodiversity (Reid et al., 2013). However, according to the latest edition of the International 

Union for Conservation of Nature (IUCN)’s Red List (published July 18, 2019), the freshwater fish 

species are globally under a grave threat. 

The threats to global freshwater fish biodiversity arise mainly from human activity and they can be 

grouped under five interacting categories: overexploitation, water pollution, flow modification, 

destruction or degradation of habitat and invasion by alien species, that lead native populations 

towards decline and range reduction (Allan and Flecker, 1993; Naiman et al., 1995; Naiman and 

Turner, 2000; Jackson et al., 2001; Malmqvist and Rundle, 2002; Rahel, 2002; Postel and Richter, 

2003; Revenga et al., 2005; Dudgeon et al., 2006). Environmental changes occurring at global scale, 

such as nitrogen deposition, warming and shifts in precipitation and runoff patterns (Poff et al., 2002; 

Galloway et al., 2004) are superimposed upon all of these threat categories. Therefore, in a context 

where human populations continue to expand, the protection of aquatic biodiversity presents a major 

challenge for conservation biologists. 
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1.3.1 Assessment and classification of the risk status of aquatic species under IUCN’s Red List 

The Red list of the International Union for Conservation of Nature’s (IUCN) offers a wider 

assessment of extinction risk of global aquatic species than FAO. Indeed, although the latter bases its 

assessments on a large stock of targeted fisheries and aquaculture species, on the other hand IUCN 

assessments cover a wider range of fish and includes those that are not the focus of fisheries and 

aquaculture. 

The IUCN's Red List assessments for whole clades of species yields a Red List Index, a mechanism 

to track and report trends in the projected overall extinction risk of large sets of species (Butchart et 

al., 2006).  

The IUCN conservation measures for determining the extinction risk of species have evolved from 

the use of subjective expert opinion in the 1960’s to more quantitative assessments used today. Red 

List assessment measures were refined in the 1980s and in 1994 the first Red List Criteria (version 

2.3) and Categories were adopted as a system for quantifying extinction risk for species. Again in 

1997, IUCN reviewed the Red List Criteria and categories primarily to incorporate population decline 

parameters under fisheries management, which resulted in a further revised version of the IUCN 

Criteria, being adopted in 2000 (Mace et al., 2008). The IUCN Criteria for classifying extinction risk 

are supported by documented standards (IUCN, 2012). The individual measures that comprise an 

IUCN Red List assessment include, for example, taxonomy, geographic range, biology, ecology, 

population parameters, population trends, threats and conservation actions in place (IUNC, 2019).  

According to IUCN classification (2019), nine different categories to establish the status of every 

taxon in the world are identified (Figure 1.4), whose complete definitions are summarized in the table 

1.6. 

 
Figure 1.4. Structure of the IUCN Red List Categories (IUCN guidelines, 2019) 

 



18 
  

Table 1.6. The IUCN Red List Categories 

Categories Definition 

Extinct (EX) A taxon species is EX when there is no reasonable doubt that the last 
individual has died; or it is presumed EX when exhaustive surveys in 
known and/or expected habitat, at appropriate times (diurnal, 
seasonal, annual), throughout its historic range have failed to record 
an individual. Surveys should be over a time frame appropriate to the 
taxon’s life cycle and life form. 

Extinct in the wild (EW) A taxon is EW when it is known only to survive in cultivation, in 
captivity or as a naturalised population well outside its past range; or 
it is presumed EW when exhaustive surveys in known and/or 
expected habitat, at appropriate times (diurnal, seasonal, annual), 
throughout its historic range have failed to record an individual. 
Surveys should be over a time frame appropriate to the taxon’s life 
cycle and life form. 

Critical Endangered (CR) A taxon is classified in any of these three threat categories when the 
best available evidence indicates that it meets any of the criteria A to 
E established for at that level (see Figure 1.5), and it is therefore 
considered to be facing an extremely high risk of extinction in the 
wild. 

Endangered (EN) 

Vulnerable (VU) 

Near Threatened (NT) A taxon is Near Threatened when it has been evaluated against the 
criteria but does not qualify for Critically Endangered, Endangered 
or Vulnerable now, but is close to qualifying for or is likely to qualify 
for a threatened category in the near future. 

Least Concern (LC) A taxon is Least Concern when it has been evaluated against the 
criteria and does not qualify for Critically Endangered, Endangered, 
Vulnerable or Near Threatened. Widespread and abundant taxa are 
included in this category. 

Data Deficient (DD) A taxon is Data Deficient when there is inadequate information to 
make a direct, or indirect, assessment of its risk of extinction based 
on its distribution and/or population status. A taxon in this category 
may be well studied, and its biology well known, but appropriate data 
on abundance and/or distribution are lacking. Data Deficient is 
therefore not a category of threat. Listing of taxa in this category 
indicates that more information is required and acknowledges the 
possibility that future research will show that threatened 
classification is appropriate. It is important to make positive use of 
whatever data are available. In many cases great care should be 
exercised in choosing between DD and a threatened status. If the 
range of a taxon is suspected to be relatively circumscribed, and a 
considerable period of time has elapsed since the last record of the 
taxon, threatened status may well be justified. 

Not Evaluated (NE) A taxon is Not Evaluated when it is has not yet been evaluated against 
the criteria. 
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The 3 categories, Critically Endangered, Endangered and Vulnerable, represent the threat level of a 

taxon. In this case, a taxon to qualify in any of these threat categories, needs to meet any 1 of the 5 

criteria (A through E) at that reported level (Figure 1.5). These criteria are based around the biological 

indicators of populations that are threatened with extinction, such as rapid population decline or very 

small population size. Most of the criteria also include sub criteria that must be used to justify the 

listing of a taxon under a particular category more specifically.  

 

 
Figure 1.5. Summary of the five criteria (A-E) used to evaluate if a taxon belongs in a threatened 
category (Critically Endangered, Endangered or Vulnerable; IUCN guidelines, 2019) 
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1.3.2 Overview of diversity and threat status of freshwater fishes with special emphasis on 

Mediterranean trout 

Freshwater fishes represent about one quarter of the worlds vertebrates and are also the most species-

rich group amongst European vertebrates. European biodiversity includes 546 native species of 

freshwater fishes (Kottelat and Freyhof, 2007) and the Mediterranean region of Europe has only been 

recognized as a hotspot of this diversity in the last 20 years. Freshwater fishes are a composite of 

different taxonomic and ecological groups (Table 1.7), most of which belong to one of the following 

two taxonomic groups: Cypriniforms and Salmoniforms. The warm-water adapted Cypriniforms, 

such as carps, chubs, dace and loaches, have the highest level of species diversity in the southern and 

temperate parts of Europe, whilst Salmoniforms, such as salmon, trout, grayling and whitefish, are 

most abundant and diversified in mountainous regions and in northern Europe. Both groups are well 

known for including many local endemics at species level.  

Table 1.7. Diversity and endemism in freshwater fish families in Europe and EU27, including Salmonidae family (in 
green box) (Freyhof and Brooks, 2011) 
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IUCN Red List status of freshwater fishes in Europe was evaluated at two regional levels: for 

geographical Europe and for the 27 current Member States of the European Union (EU 27). 

According to this assessment, at the European level, at least 37% of the species are considered as 

threatened (39% in EU 27), 12% of them being Critically Endangered (13% in EU 27), 10% 

Endangered (11% in EU 27) and 15% is Vulnerable at both regional levels, while a further 4% of 

species are classified as Near Threatened (Figure 1.6 A-B). Thus, more than one third of freshwater 

fishes in Europe are threatened. This is the second highest threat level of any taxonomic group 

assessed so far and shows the immense problem in the conservation of freshwater habitats and species 

in Europe. 

 

 

 
Figure 1.6. IUCN Red List status of freshwater fishes in (A) Europe and in (B) EU27.  (Freyhof and Brooks, 2011) 

 

 

Table 1.8 reports the Red List status by taxonomic family, where the different families vary both in 

species numbers and relative threat status of their species. The most threatened families are the 

Acipenseridae, Anguillidae, Cypronodontidae and Umbridae, followed by Blennidae, Cobitidae, 

Cyprinidae and Salmonidae. Within the Salmonidae family, 41% of the species are threatened. In 

particular, of the 98 European species, 8 are considered Extinct, 1 Extinct in the Wild, 9 Critical 

Endangered, 7 Endangered, 24 as Vulnerable, 2 Near Threatened, 32 Least Concern and 15 are Data 

Deficient (Table 1.8). 
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Table 1.8. IUCN Red List status (at the European level) of freshwater fishes by taxonomic family, including Salmonidae 
family (in green box) (Freyhof and Brooks, 2011) 

 
 

The Mediterranean brown trout (Salmo trutta complex) is one of the freshwater fish species complex 

at greater risk of extinction in the Mediterranean area. This taxon is represented by a wide-ranging 

species complex native to Eurasia and North Africa (Elliot, 1994) and includes the surviving native 

populations of the Tyrrhenian and Adriatic side of the Italian peninsula (Lorenzoni et al., 2018). 

There are four currently recognized Brown Trout relatives from the Italian peninsula and 

Mediterranean islands - Salmo fibreni, S. carpio, S. cettii, and S. marmoratus - and a taxonomically 

complex and poorly studied group of Brown Trout relatives in Morocco and Algeria (Lobón-Cerviá 

et al., 2019). The four Italian trout show substantial morphological and life-history differences. For 

the most they are allopatric, but they may overlap in some streams. S. marmoratus and S. cettii are 

stream residents with broad distributions. Salmo marmoratus inhabits Po River tributaries draining 

the European Alps. S. cettii inhabits Mediterranean rivers of the Apennines, Sardinia, Sicily 

(Splendiani et al. 2016) and Molise (Iaffaldano et al., 2016). There are several isolated populations in 

the western Alps, but the presence in the Po River system is controversial. S. fibreni and S. carpio are 
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original endemic lake-dwelling species. S. fibreni occurs in the small Posta Fibreni Lake of central 

Italy, while S. carpio inhabits the relatively large and warm Lake Garda in the northern Po Valley 

(Lobón-Cerviá et al., 2019).  

In the last decade the wild populations of Mediterranean trout have declined by almost 30% and this 

trend is also expected to continue in the future (Caputo et al., 2015).  

All native trout of Italy are included in national or international red lists, with slight differences related 

to different geographical regions, period of evaluation, or basic criteria (Table 1.9). S. carpio and S. 

fibreni are considered of critical status due to illegal fishing, non-native species introductions 

(Coregonus sp. in Garda Lake), pollution, and habitat degradation. For S. cettii and S. marmoratus, 

the principal threat is the interbreeding with non-native Brown Trout (Schöffmann et al., 2007; 

Fruciano et al., 2014; Gratton et al. 2014; Splendiani et al., 2016). Non-introgressed S. cettii are absent 

from the central and eastern Alps, but they 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 introgressed 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 lineages. For S. marmoratus, all 

central Alps populations are introgressed, but original populations remain in the western (75%) and 

eastern (100%) Alps (Splendiani et al., 2016). 

 
Table 1.9. Conservation status of Italian native trout. 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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Chapter 2 
 
Overview of the animal genetic diversity conservation with special emphasis on 

ex situ in vitro conservation strategy 
 

2.1 Conservation strategies 

Animal biodiversity conservation is recognized as an essential action and over the years it has been 

widely promoted by many international Organizations (Collins, 2013). The core of animal 

conservation is the maintenance of genetic diversity within populations that are large enough to be 

sustainable for the long term. However, due to human and natural factors, many domestic and wild 

populations result as small and fragmented with little or no opportunity for genetic exchange, which 

increases homozygosity and inbreeding that, in turn, leads to a poor adaptive capacity to 

environmental changes as well as fertility problems (Wildt et al., 2010), resulting in a risk of 

extinction.  

In this context, it is crucial to design proper conservation plans leading to preserve the genetic 

resources worldwide. In procedural terms, besides habitat protection, three conservation strategies 

are contemplated (Bermejo et al., 2019): 

• in situ conservation, which implies the maintenance of animal populations in their own social and 

ecological context at a sufficient number to ensure enough levels of biodiversity to guarantee their 

survival; 

• ex situ in vivo conservation, which is the relocation of endangered populations out of their social 

and ecological context to protect them under a temporary or permanent situation and to prevent 

them from extinction (herds in protected areas, wildlife parks, zoos, experimental and show farms, 

research centres, hobby breeder farm, aquaria); 

• ex situ in vitro conservation, which is the utilization of reproductive biotechnology to permanently 

conserve germplasm belonging to representative individuals of the populations, with the aim of 

ensuring the maintenance of endangered populations, to increase the genetic diversity in live 

populations or the restoration of such populations if all its living effectives disappear.  

It's clear that in situ and ex situ strategies differ in their capacity to achieve different purposes. In 

particular, the in situ strategy is considered the preferred mode of conservation, because it is a 

dynamic system and the genetic resource will continue to evolve over time as a result of natural and 

anthropogenic selection processes within the environment. However, the use of ex situ conservation 

is recommended if in situ conservation activities are not able to maintain the genetic variability and 



25 
  

to avoid breed extinction. Furthermore, ex situ strategies can be used as a supplemental or backup 

strategy that serves as a form of insurance against catastrophic loss of the in situ population. In this 

way, in situ and ex situ conservation are complementary rather than mutually exclusive, thus both 

methods can be implemented cooperatively within national/regional conservation integral programs 

in order to reach conservation goals more effectively (FAO, 2019). 

2.2 Ex situ in vitro conservation: cryobanking purposes 

Ex situ in vitro conservation is the preservation of genetic material in haploid form (semen and 

oocytes), diploid (embryos, somatic cells) or DNA sequences, stored in dedicated facilities, called 

gene banks or cryobanks, usually hosted by research institutions, universities, government agencies 

or private companies. 

There is a general consensus that gene bank collections have multiple functions and purposes 

(Blackburn and Boettcher, 2010; Mara et al., 2013). One common purpose of a germplasm repository 

is to provide the possibility to reconstitute entire breeds or populations in the case that they are 

become lost, particularly following catastrophic events, such as natural disasters, disease epidemics 

or civil strife. A second way to make use of gene bank resources is as a source of genetic variability, 

to support in vivo conservation. Frozen semen and embryos can be used to minimise inbreeding and 

genetic drift in small managed populations and the combination of live animals and cryopreserved 

germplasm can be a powerful tool in their conservation (Hiemstra, 2010). Additionally, gene bank 

resources may be used as a back-up, when genetic problems occur. The decrease of effective 

population size (Ne) and the resulting high level of inbreeding can lead to an increased frequency of 

specific deleterious alleles that were not apparent in a larger population. A fourth important use of 

the cryopreserved material is to allow the development of new lines of breeds or to quickly modify 

or reorient the evolution or selection of the population. For instance, the storage of original or extreme 

genotypes can be suitable to quickly redirect the genetic trend of a selected population. Verrier et al. 

(2003) suggested the storage of genotypes that have extreme breeding values for specific traits, that 

carry rare alleles or that represent particular founders or pedigree lines. Finally, gene banks can be 

the primary source of material for national scientists performing DNA research. The storage of DNA 

samples, along with germplasm, can speed the acquisition of samples for researchers and provide 

access to common sets of animals for genotyping research. Furthermore, gene banks can also supply 

multigenerational samples which can be of great utility in such studies (Mara et al., 2013). 

2.3 Potential use of different types of germplasm and tissue  

Current technologies for conserving genetic diversity of rare and endangered species offer a wide 

range of options, in terms of the germplasms and tissue types that can be cryopreserved, such as 
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semen, oocytes, embryos, somatic cells, testicular or ovarian tissue and primordial germ cell. 

However, there are clear differences in the present-day feasibility and practicality of these options, 

mainly due to significant physiological variations among species and a sheer lack of fundamental 

knowledge about basic reproductive traits, as well as in germplasm cryobiology (FAO, 2012; 

Comizzoli and Holt, 2014; Purdy et al., 2016; Morrell and Mayer, 2017). In matter of fact: 

• semen represents an easily obtained form of germplasm and has been successfully frozen for many 

species of mammalian, fish, and avian, providing reasonable fertility. The small size and large 

surface area of sperm makes them less susceptible to potential damages from cryopreservation 

(Hezavehei et al., 2018) than oocytes and embryos. Therefore, there is no doubt that semen 

cryobanks, coupled with artificial insemination practices, have become the main tool for 

threatened species in ex situ assisted reproduction and research programs due to its advantages as 

long-term conservation tool (Prieto et al., 2014). The limitation to only banking semen is that the 

full genetic complement of a breed/population is not conserved and back crossing to create the 

desired offspring may be necessary; 

• oocytes are the female germ cells or gametocytes. They may be considered for storage in gene 

banks. Ideally, oocytes will be frozen along with semen from the breed/population to be conserved, 

as otherwise backcrossing with semen from another breed will be needed to reconstitute an extinct 

population. Techniques for freezing and thawing oocytes are not as well developed and refined as 

those for semen and embryos and require further evaluation. An advantage of oocytes over 

embryos is that by using in vitro fertilization (IVF), desired matings can be selected at the time of 

thawing, rather than at the time of freezing. Viable oocytes have been recovered after freezing and 

thawing in a great number of animal species, i.e. cattle, pigs, sheep, rabbits, mice, monkeys, 

humans (Critser et al., 1997), goats (Le Gal, 1996), horses (Hochi et al., 1996) and buffaloes (Dhali 

et al., 2000). In contrast, freezing the oocytes of avian and fish species has not been successful, 

mainly because of the large size, high lipid content and polar organization (vegetal and animal 

pole) of bird and fish ova (Blesbois et al., 2008; Diwan et al., 2020); 

• embryos are also widely used for gene banking, however they have been used in fewer livestock 

species than semen has up to now. In breed reconstitution, embryos have an advantage over semen 

because they allow the recovery of the entire genome (i.e. no backcrossing is required) and thus 

the reconstitution can be accomplished in a single generation. On the other hand, their use is 

limited because the genetic complement is fixed, unlike the gamete of either sex. Consequently, 

when reanimation of the embryo is needed, the opportunity to mix and match genetics to serve a 

specific purpose does not exist. Therefore, in order to achieve this type of genetic flexibility, semen 

and oocytes are preserved to provide gene bank users with a high degree of flexibility for several 
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potential scenarios. Currently, the widespread use of embryos cryopreservation is limited to cattle, 

sheep, goats and rabbits (Prentice and Anzar, 2011). By contrast, this technology is not possible 

for birds (Petitte, 2006; Nandi et al., 2016) and it is still extremely complex for fish (Seki et al., 

2011; Morrell and Mayer, 2017) remaining one of the main challenges in the field of cryobiology. 

• somatic cells may be 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 most simple 

application, banking somatic cells requires only the collection and the direct freezing of a piece of 

tissue. This means that obtaining somatic cells collections is easy and cheap and can make them a 

very attractive option for gene banking, especially for countries with many breeds and/or limited 

resources. However, the complexity and costs involved in using somatic cells are much greater 

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

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

oocytes by ovum pick-up or from slaughtered animals, which makes it an extremely costly 

technique and requires high levels of infrastructure and technical expertise. This technology has 

been used for many domestic species, including cattle, goats, pigs, sheep, water buffaloes, horses, 

mules, camels, deer and rabbits (Mehrabani et al., 2016). In this context, if production of live 

animals from somatic cells will developed to a point at which it becomes both reliable and 

economical, then preservation of somatic cells would become an attractive option for 

cryopreservation of genetic resources; 

• other germplasm: recent research has examined the possibilities of transplanting spermatogonial 

stem cells, or testicular or ovarian tissue following cryopreservation. Spermatogonia reside within 

the basal layer of the seminiferous tubules of the testis and have the capacity to give rise to 

spermatozoa. Beginning before puberty and continuing in the adult animal, spermatogonia 

undergo continuous replication, thereby, maintaining their number in a process known as stem cell 

renewal. There are isolated reports of successful transplantation of spermatogonial stem cells in 

mice (Gouk et al., 2011) and in fish (Okutsu et al., 2006; Morita et al., 2012) and of testicular 

tissue in bulls (Herrid et al., 2006) and in chicken (Song and Silversides, 2007b); both techniques 

are reported to produce viable spermatozoa. Spermatogonia transfer could potentially be used to 

pass genetic material from one generation to the next and together with cryopreservation, it offers 

a means for saving genes from male animals for future generations. 

Cryopreserved ovaries, or parts of ovaries, may be used as a source of oocytes. Oocytes can be 

harvested from heterotopically grafted (i.e. grafted to tissues other than the ovary) ovaries for 

subsequent IVF to produce embryos. The embryos must then be transferred to a recipient animal. 

Alternatively, cryopreserved ovary tissue or whole ovaries can be grafted orthotopically (i.e. 
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grafted to ovarian tissue) into a recipient animal in order to restore the animal’s fertility. The 

animal can then be mated and will produce offspring, carrying the genotype of the ovary donor. 

Cryopreserved ovarian tissue has apparently been transplanted successfully in mice (Candy et al., 

2000), in bird (Song and Silversides, 2006; Liu et al., 2009) and in human patients as a means of 

retaining fertility despite chemotherapy (Oktay et al., 2011). Similar studies have also been 

attempted with bovine, ovine and caprine tissue (Morrell and Mayer, 2017).  

• Nuclear DNA storage for gene transfer has been proposed, but the techniques involved still pose 

some difficulties. At present, DNA is not used for re-establishing live animals but can be useful in 

characterization studies to support conservation decisions, including evaluation of the genetic 

structure within and between populations and identifying genes that affect productivity and 

adaptation. 

• The successful cryopreservation of both oocytes and embryos in teleost fish and in bird remains 

difficult, therefore, recently, the attention has switched to alternative forms to preserve germplasm, 

notably primordial germ cells (PGCs) for these species (Psenicka et al., 2015; Bednarczyk, 

2014), reporting good success.  

PGCs are the precursors of both oogonia and spermatogonia, formed during the early stages of 

embryonic development. In fish and in chicken, these cells undergo active proliferation following 

migration to the gonadal ridge via the blood stream. Some studies have demonstrated that 

functional spermatozoa and eggs can be obtained following the transplantation of either male or 

female PGCs in fish (Kobayashi et al., 2007), even in those that are endangered (Ye et al., 2017) 

and in birds (Ono et al., 1996; Kim et al., 2005; Kang et al., 2008), resulting in the production of 

live offspring. These results suggest that, even this research area, holds promises for future 

cryopreservation systems, although this technology needs more time to be developed. 

2.4 General guidelines for establishing a germplasm cryobank 

There is currently no regulation for the organization of a germplasm bank at International or European 

level. However, FAO guidelines "Cryopreservation of animal genetic resources" (FAO, 2012) are 

available and have been considered for the production of these paragraphs. 

2.4.1 Choice of populations to include in the gene bank 

Before initiating collection activities of the material to be cryopreserved and stored in a gene bank, it 

is necessary to assess the various priority breeds/species for the ex situ in vitro conservation. In 

general, the choice of breeds for conservation should be a group decision undertaken by the National 

Advisory Committee on AnGR (FAO, 2011b) or similar committee in the case of wild species, in 

consultation with the wider stakeholder community.  
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Various quantitative procedures can be used for deciding which breeds/species should be prioritized 

for inclusion in collections. In general, among various factors, two primary criteria may influence the 

conservation priority, the level of risk of extinction and the conservation value (Ruane, 2000). 

1. Level of risk of extinction is established that according to the quantification of the current and 

future population size and geographical distribution. In this case, animal census, coupled with 

regular updating of population data in an online data-bank and the breed/ species survey are crucial 

factors for the categorization of the status of the extinction risk. The census gives a preliminary 

indication of risk, but the survey should be able to refine the risk analysis by defining underlying 

trends and causes (Mara et al., 2013). Unfortunately, although many countries undertake periodic 

censuses of livestock and fish species, it is possible to obtain only a general overview of the 

population size data; for example, there is often a lack of accurate information about the status of 

breeds within species. The collaboration with local associations of breeders and fishing is 

recommended for this process, as these organizations typically keep track of annual registrations 

and may be willing to share this information with the gene bank managers or the relevant 

organizations, to assist countries to obtain data about populations consistence of a specific 

breed/species. Of course, the breed/species at the greatest risk will receive the greatest priority for 

conservation.  

2. Conservation value is affected by different factors based on genetic and phenotypic 

characteristics. Two aspects can be considered in conservation decisions for the genetic diversity, 

the genetic uniqueness and the genetic variation within a breed/species, that give them greater 

adaptability to specific environments (e.g. those that are in some way harsh), possibility of genetic 

improvement and protect against the detrimental effects of inbreeding. For phenotypic 

characteristics, it is significant to consider the traits of economic importance and the unique traits 

(special behavioural, physiological or morphological traits). Moreover, the breeds/species that 

perform valuable environmental services with special cultural or historic values are also worthy of 

consideration for conservation. 

In this regard, to establish a cryobank, it is clear that as well as the assessment of the risk status, the 

activities of phenotypic and genotypic characterization should be considered when planning for 

conservation programmes and in the prioritization of breeds/species.  

In the context of phenotypic characterization, a distinct breed/species is identified according to its 

external and production characteristics (only in the case of livestock), within the given habitat to 

which it belongs, taking into consideration not only the natural environment, but also the management 

practices. According to the FAO guidelines, there are two phases or levels of phenotypic 

characterization: the primary characterization refers to activities that can be carried out in a single 
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visit to the field, such as measurement of animals, morphological features, interviews with livestock 

keepers or fisherman, observation and measurement of some aspects of the production environment 

and mapping of geographical distribution; the secondary characterization is executed to describe 

activities that require repeated visits, including the measurement of the productive and the adaptive 

capacities and the resistance or tolerance to specific diseases, measured by immunological tests, in 

specific production environments.  

Genetic characterization includes the collection and analysis of DNA from a sample of animals of 

interest, in order to evaluate the genetic variability on the molecular level, through the use of 

molecular genetic markers. The latter are sites of variability in the sequence of DNA that have a 

statistical association with a characteristic to be measured in different cells, individuals or 

populations. Various types of markers exist, differing in the types of variation evaluated and the 

laboratory procedures used. For example, "neutral" markers are recommended for measuring genetic 

diversity, migration rates, effective population size and kinship within species (Guichoux et al., 

2011), while selective markers are associated with phenotypic traits, or to causal mutations, therefore, 

they are also useful in studying adaptive processes within and between species (Khimoun et al., 2017).  

In the last two decades, molecular markers have been widely used to investigate the genetic diversity 

of populations, the evolutionary history and diversity of species. In the late 1980’s to early 1990’s the 

use of short tandem-repeat DNA sequences, namely microsatellites, became popular because of their 

high polymorphism, high information content, speed of assay, low cost and suitability to analysis in 

automatic sequencers. However, when higher resolution is needed, the addition of many more 

microsatellites markers requires a substantial investment of time to ascertain reliability. Moreover, 

the determination of the number of repeats has poor reliability across laboratories and integration of 

data can thus be problematic. Due to these limitations and thanks to recent advances in “genomics” 

technologies (Metzker, 2010; Tsuchihashi and Dracopoli, 2002), microsatellites markers are now 

being largely replaced by single nucleotide polymorphisms (SNPs). As the name indicates, a SNP is 

a DNA sequence variation that occurs through a change in the nucleotide at a single location within 

the genome of a species or breed. Genome-wide markers such as SNPs offer several advantages over 

others markers, such as abundance in the genome and low mutation rates (Morin et al., 2004), and 

may provide most representative patterns of the entire genome (Vali et al., 2008). A large number of 

SNPs can open up new perspectives to genetics of fish species and livestock, in particular for the 

investigation of genome diversity within and among individuals and populations, population structure 

and inbreeding and for the identification of signatures left by selection and, by the way, has the 

potential to supplement or substitute pedigree data. Additionally, aside from the low cost in 

genotyping a great number of individuals and markers, they are highly reproducible, reliable, and 
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easily transferable between different laboratories. All of these qualities make them particularly 

suitable for long-term conservation programs (Roques et al., 2019). 

2.4.2 Choice of the genetic material amount to be stored in the gene bank 

Once the decision is made of which populations should be collected for the gene bank and the type 

of germplasm to collect has also been decided, the next step is to determine the amount of germplasm 

to be stored. According to FAO (2012), the quantity will vary depending on the conservation goal, 

the type of germplasm and the species. In general, the goal of reconstituting extinct populations 

requires the greatest amount of germplasm.  

According to Smith (1984), when building a collection of cryopreserved material, the following three 

principles in conservation might be proposed: 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 as diverse as possible; 3) to store the breeds as pure lines rather than as gene pools, 

allowing the use of the unique combinations of traits and the flexibility of stocks combination. In 

particular, when the gene bank collections purpose is aimed at maintaining the genetic diversity in 

live populations and the cryopreserved germplasm can be helpful in controlling inbreeding rates or 

in revitalizing populations, it is crucial that semen taken from the bank for this purpose must not come 

from males that are part of the live breeding population. According to Smith (1984), FAO (1998) and 

more recently to the “European Guidelines for the Constitution of National Cryopreservation 

Programme for Farm Animals” ERFP (2003), collecting semen from a minimum of 25 donors is 

recommended. However, from a practical standpoint, when managing a small population, reaching 

these recommended numbers of germplasm donors may be difficult, if not impossible. In such cases, 

FAO (2012) suggests that three to ten male donors should be identified (to set 25 donors as a longer-

term goal) each year and their semen should be stored for future use. It is generally accepted that at 

least 20 doses of semen, from each male, should be conserved, with increasing quantities depending 

on the reproductive capacity of the species (low capacity → more doses) and population size (larger 

population → more doses). Of course, this practice will involve the use of “old” germplasm, limiting 

the amount of genetic progress that can be made for a given trait.  

However, when the main objective is to maintain high level of genetic diversity in the live 

populations, these are the best recommendations. 

2.4.3 Cryostorage facility and structure organization 

The space required for gene banks can be extremely variable and may change according to the 

quantities of germplasm to be stored in it, which in turn will depend upon the purposes of the gene 

bank, the range of species and breeds to be conserved and the financial resources available for the 
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conservation programme. However, regardless of its size, some features are critical for the smooth 

functioning of a gene bank, such as the physical plant (i.e. the actual building and other structures), 

durable equipment, security arrangements, centralization, accessibility and specialized human 

resources. 

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

work area to facilitate the handling of samples and freeze the germplasm and (3) an area to 

accommodate liquid nitrogen storage tanks, where the cryopreserved germplasm is located (Ryan et 

al., 2016; FAO, 2012). Although all of these activities can be undertaken at the same location, each 

requires its own separate facilities. Within the first step, animal are transferred to the cryostorage 

facility in appropriate facilities for animal holding, in order to make the germplasm collection a more 

practical and convenient process. In the case of semen donors, animals transfer makes also possible 

to train them for collection, resulting in an increase in the semen yield and quality. In accordance with 

standards for holding facilities of Organisation for Animal Health (OIE), the donors are usually placed 

into quarantine systems based on all in/all out procedure. This system provides that all of the animals 

in a group of donors arrive and leave together and the building is cleaned and left unused for a few 

days between each group. This system is crucial in order to prevent the spread of diseases among 

animals, especially for any facility that might be shared between wild and domestic animals. Once 

the quarantine has ended, the animals can move back and forth to a separate collection building, after 

an accurate sanitization. In the case of animals with questionable health, they always must be housed 

separately from the healthy animals, in order to avoid direct contact with them or the use of some 

common spaces, such as the collection facility. On the other hand, in some cases, e.g. for wild species, 

where the animals transport to the central facility is more expensive and stressful for the animal itself, 

germplasm collection should be carried out in the field. In this regard, it is advisable to prepare a 

specific protocol to be followed during field collection and train technicians in the best practices for 

off-site collection. 

The processing and freezing laboratories must be physically separated from the germplasm collection 

area for sanitary reasons, because the sample handling area must be kept at a higher level of sanitation. 

The different workstations should be arranged in such a way that the germplasm samples move from 

one workstation to another one in a logical order, as illustrated in figure 2.1, in order to increase the 

efficiency of the processing activities. 

In regard to the long-term storage room for cryopreserved germplasm, it should be physically 

separated from any laboratory, in order to increase the physical security of the collection. By having 

physical barriers, the potential for unauthorized access to the collection area can be better controlled 

and this avoids that the long-term liquid nitrogen tanks have to be individually locked. In both storage 
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facilities and rooms, where samples are frozen with liquid nitrogen, an adequate ventilation system 

should be a critical priority in order to avoid asphyxiation in case of a leak of liquid nitrogen. 

Moreover, it is strongly recommended that oxygen sensors should be installed and regularly tested. 

Material stored in a gene bank is a highly valuable resource and must, therefore, be safeguarded 

against loss. For this reason, it is suggested to duplicate the material and maintain the sets of samples 

into two separate storage facilities in different geographic locations (FAO, 2012). 

 

 
Figure 2.1. Example design of a germplasm processing and freezing laboratory; the activities begin at the left of the 

diagram (1) and then move step-by-step in a clockwise direction for germplasm processing (2) until the samples are finally 

packaged (3) and frozen (4). Computing facilities (5) are readily available, both for the operation of any software that 

may be necessary (figure taken from FAO [2012] and adapted for illustrative purpose only). 

 

2.5 Cryopreservation methods 

Cryopreservation is the technique by which living cells and tissues are preserved as viable for an 

indefinite period by storing them at an ultra-cold temperature, namely −196 °C (boiling point of liquid 

nitrogen). At this temperature the metabolic activities of the cells, including the reproductive ones, 

are arrested, but the cells remain viable and normal functions can be reactivated after proper thawing 

(Öztürk et al., 2019). 
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Generally, it is possible to distinguish two main freezing procedures, slow freezing and vitrification. 

• “Slow freezing” (conventional freezing method) is achieved by the exposure to liquid nitrogen 

(LN2) vapours, using a styrofoam frame at different heights above the LN2 surface or 

programmable freezer for a step-wise decrease in temperature. However, the biological material 

must be cooled at a range of cooling rates that are fast enough to not cause excessive dehydration, 

but slow enough to allow sufficient dehydration of the cells to prevent intracellular ice formation 

(Whittingham et al., 1972). Moreover, with this system, a relatively low cryoprotectants (CPA) 

concentration is used. 

• “Vitrification" is an ultrarapid cooling method, as sperm suspension is plunged directly into 

liquid nitrogen. This method commonly requires a high concentration of CPA to be added before 

cooling step, in order to lower the water content and avoid the risk of intracellular ice formation; 

in this case the entire sample will vitrify. However, the CPA concentration of vitrification solutions 

can be minimized by using very high cooling and thawing rates, until the complete absence of 

CPAs in case of extremely high cooling rates (Isachenko et al., 2004; Seki and Mazur, 2009). 

 

2.6 Sperm cryopreservation and main cryodamages 

Sperm cryopreservation has been successfully applied in various fields to benefit the human kind and 

animals, including assisted reproduction, rescuing the endangered species and conserving genetic 

diversity.  

From a technical standpoint, sperm is generally cryopreserved with “slow cooling” methods. Optimal 

cooling rates for freezing semen are mostly found between 10 and 100°C/min. The wide range 

reported is related to the use of different types and concentrations of CPA, which greatly affect the 

velocity of dehydration and, in turn, the optimal range of cooling rates (Hiemstra et al., 2019). 

Moreover, sperm cryopreservation protocols vary among animal species owing to their inherent 

particularities, mainly related to the morphological and physiological differences (Bailey et al., 2003), 

so there is no universal protocol for all of them. In this regard, for each single species will be necessary 

to find the right specific combinations among cooling and thawing rates, chemical composition of the 

extender, type and concentration of CPA, for the semen to be successfully cryopreserved (Ciani et 

al., 2012). Otherwise, the cryopreserved spermatozoa can be fatally damaged by the process itself. 

Indeed, contrary to popular belief, the cellular survival during cryopreservation is not the ability to 

endure storage at cryogenic temperature (−196°C), but rather, it is largely dependent on the cooling 

and thawing rate imposed during the cryopreservation process. The lethality zone is associated with 

a temperature range of −10°C to −60°C (Isachenko et al., 2012) that spermatozoa must traverse twice-
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once during cooling and once during warming (Mazur et al., 1963). According to the hypothesis 

suggested by Mazur et al. (1984), cell damage, arising from these two critical steps, is driven by two 

events: the first one can be defined as the direct damage caused by intracellular ice formation (ice 

injury) and the second one, as the effect of the solution ion concentration on the cell (solution injury). 

As cells are cooled to approximately −5°C, both the cells and surrounding medium remain unfrozen 

and supercooled. Between −5 and approximately −15°C, ice forms (either spontaneously or as a result 

of artificially introducing ice crystals to the solution) in the external medium; as water solidifies, the 

solutes that are present in the water are excluded from the so formed ice that results in hyperosmolar 

concentration of solutes. This event leads to an osmotic shock, resulting in a release of reactive 

oxygen species, highly detrimental to sperms chemical structures and the diffusion of intracellular 

water out of the sperm; at this point the subsequent physical events that can occur in the cells depend 

on the cooling rate.  

If cells are cooled too rapidly, intracellular water is not lost fast enough to maintain equilibrium; the 

cells become increasingly supercooled, eventually attaining equilibrium by freezing intracellularly 

(Mazur, 1963). The expansion of the ice crystals during the solidification of water is the main factor 

that causes pressure and has a shearing effect on intracellular organelles, resulting in appreciable 

injury.  

Otherwise, if the cooling rate is slow enough, the cells will have enough time to dehydrate and the 

cytosolic water will outflow from the cells until it is balanced with extracellular water. In this case, 

injury to the cells is majorly from the highly concentrated solutes in the cells. Spermatozoa which 

suffer a severe loss of intracellular water and/or undergoes intracellular ice formation, are made 

osmotically inactive, due to the loss of cell membrane integrity.  

During thawing these processes occur in reverse. As the water is drawn back into the cells and the 

intracellular volume is restored, recrystallisation injury may occur (Verma et al., 2017). In the light 

of these considerations, it is general accepted that, to avoid the intracellular ice crystal formation, the 

cooling rate must be slow enough to bypass intracellular ice crystal formation but fast enough to not 

cause excessive cell dehydration, finally followed by a rapid thawing rate. 

The main spermatozoa alterations attributed to physical freezing events, such as ice crystal formation 

during the freezing of extracellular fluids, are acrosome disintegration and partial removal of the outer 

acrosomal membrane with depletion of its content (Barthelemy et al., 1990).  

Osmotic stress may cause tension changes in water canal proteins and ionic leakage in plasma 

membranes and, thus, resulting in morphological changes (Sa-Ardrit et al., 2006), oxidative damage 

to membrane phospholipids and chromatin (Mayers, 2005) and alteration in sperm metabolism (Long, 
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2006). Such cellular cryodamages lead to severe impairment of sperm motility and viability, 

adversely affecting their fertility (Mayers, 2005). 

2.6.1 Extenders medium  

The extender medium is basically a solution of salts or sugars and some organic and inorganic 

compounds that is generally used to dilute the sperm concentration, dissolve cryoprotective agents 

and, above all, it helps to maintain the viability of cell during refrigeration. The ideal composition of 

an extender should match with the properties of the seminal fluid of the species to be conserved 

(maintaining similar levels of pH and osmolarity). It should be able to provide osmotic stability by 

its buffering action, protect the membrane from injury, together with the preservation of the cell 

biological activity and carry out antibacterial activity. These extenders medium can also contain 

nutrients, sugars (as energy source), stabilizing colloids and antioxidants (Pushp and Kumar, 2020; 

Pon Jawahar and Betsy, 2020). The interaction and ability of each extender to protect the integrity of 

sperm are highly specialised and species-specific (Blesbois et al., 2005).  

For example, Tris-based extenders (Tris, citric acid and fructose or glucose) are the most frequently 

used in rabbit sperm cryopreservation (Mocè and Vicente, 2009). Beltsville, Lake, EK and Tselutin 

extenders are the most studied in avian species (Rakha et al., 2017) and their effectiveness varies 

widely among species. A large range of extenders have been developed for fish species, such as 

Cortland’s medium, NaCl solution, NaCl+ urea solution, Fish Ringer’s solution, KCl medium (Pon 

Jawahar and Betsy, 2020), the Lahnsteiner extender and simple carbohydrate-based solutions, such 

as sucrose and glucose (Ciereszko et al., 1996; Bozkurt et al., 2011). All these extenders are used, 

mainly, in order to preserve the viability of sperm by inhibiting the motility and conserving the 

energy. 

2.6.2 Cryoprotective agents (CPAs) 

Cryoprotectants are basically chemical compounds whose addition to sperm freezing media is 

considered a fundamental step to avoid or decrease intracellular ice formation during freezing, 

recrystallization during thawing and membrane destabilization (Hezavehei et al., 2018). Their 

cryoprotective effect against freezing damage is driven by several mechanisms, such as the decrease 

in freezing point of intracellular and extracellular water (Royere et al., 1996), favouring partial cell 

dehydration, penetrating and interacting with cytoplasmic components, as well as forming a 

protective layer around the membranes of spermatozoa (Hezavehei et al., 2018). 

Depending upon their ability to cross the cell membrane, CPAs are classified into two groups: 

permeable (P-CPA) and non-permeable (N-CPA). 
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• P-CPA have low molecular weight and, therefore, they have the ability to enter the cells 

membrane, causing membrane lipid and protein rearrangement, resulting in an increase of fluidity. 

In this way, P-CPA can affect both intracellular and extracellular environments. 

When CPA is added into the cell suspension, cytosolic water moves to the exterior milieu of the 

cell, due to the water chemical potential difference between inside and outside of the cells, while 

the CPA penetrates into cells because of the concentration difference. This process lasts until an 

equilibrium between intracellular and extracellular environments, for both water and CPA is 

reached. In this way, the freezing point of the intracellular medium decreased and the intracellular 

ice formation can be eliminated or prevented. Moreover, when CPAs penetrate into the cells, form 

new hydrogen bonds with water molecules, changing their structure.  

The cryoprotective function is exhibited by preventing the cells from reaching a high concentration 

of ions and extreme dehydration, due to water loss during freezing (Sağırkaya and Bağış, 2003; 

Öztürk et al., 2019).  

The main P-CPAs are glycerol (Gly), dimethyl sulfoxide (DMSO), acetamide, dimethyl acetamide 

(DMA), ethylene glycol (EG), propylen glycol (PG), formamide, methylformamide (MF), 

dimethylformamide (DMF), N-methylacetamide (N-MA) and methanol (Me-OH). Often, they 

represent solvents in which sugars and salts are dissolved to prepare the freezing medium (Purdy, 

2006). The type and concentration of CPAs to be used vary widely among the classes (mammals, 

birds, fish), but also among species within a class, due to inherent particularities of their 

spermatozoa. In addition, occasionally, the same CPA can give controversial results even within 

the same species (Viveiros et al., 2000). 

The P-CPAs paradox is that they can have a toxic effect on sperm (membrane destabilization, 

protein and enzymes denaturation), which is directly related to the concentration used and the time 

of cell exposure during equilibration. Therefore, it may be advantageous to examine the sensitivity 

of the sperm to increasing concentrations of the CPA to determine the optimum (Agarwal et al., 

2011). 

The Gly is widely used as a suitable CPA in mammalian, bird and fish species. However, it is 

found that Gly is a contraceptive in poultry, therefore it must be eliminated from the semen after 

thawing (Hammerstedt and Graham, 1992; Tselutin et al., 1999). In order to avoid this problem, 

other CPAs have been developed and successfully tested in avian species, such as DMSO, EG, 

DMA, DMF and N-MA (Blesbois, 2011; Iaffaldano et al., 2016). Gly is also used for the 

cryopreservation procedures in most mammalian species.  

However, unlike sperm from other species, Gly does not represent the best choice for freezing 

rabbit semen. For this species, the CPAs that offer the best results are, mainly, alcohols and DMSO 
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(Mocé and Vicente, 2009). In fish species, Gly, DMA, DMF, DMSO, EG and Me-OH are most 

commonly used (Tiersch et al., 2007; Magnotti et al., 2016; Pushp and Kumar, 2020; Pon Jawahar 

and Betsy, 2020). 

• N-CPA cannot penetrate through the sperm membrane and, thus, they act only in the extracellular 

environment. They form an external coating around the cell, which prevents the crystal formation 

near it, or act as solutes and reduce the freezing point of the medium (Pushp and Kumar, 2020). 

These CPAs are less toxic than P-CPAs at the same concentration, therefore, they can be used in 

combination with them in the freezing medium to reduce the amount of P-CPA required and 

mitigate the toxicity of the solution (Blanco et al., 2011; Elliott et al., 2017). 

Generally, the N-CPAs are divided into two groups: low molecular weight cryoprotectants and 

high molecular weight cryoprotectants (Öztürk, et al., 2019). 

N-CPAs with low molecular weight include three sugar subgroups as monosaccharides (glucose 

and galactose), disaccharides (sucrose and trehalose), and trisaccharides (raffinose and 

melezitose). The cryoprotective effect of sugar molecules is driven by their typically interaction 

with the lipid bilayer during the freezing phase, to maintain plasma membrane integrity when cells 

undergo dehydration. However, because of their different structural and molecular properties, 

sugars have different protection mechanisms during freezing. Monosaccharides dissolve in 

solution more readily than disaccharides and vitrify at lower temperatures. However, because 

monosaccharides are prone to non-enzymatic glycosylation, which can result in protein 

interactions, they are less preferred in respect to disaccharides and polysaccharides in many 

cryopreservation protocols. In this regard, various studies demonstrated sucrose and trehalose to 

be the most efficient CPAs for protecting cells at the cryogenic temperature and during vitrification 

(Tsai et al., 2017). 

N-CPAs with high molecular weight include macromolecules or polymers, such as polyethylene 

glycol (PEG), ficoll 70, polyethylene oxide (PEO), polyvinyl alcohol (PVA), polyvinyl 

pyrrolidone (PVPP) and lipoproteins or proteins derived from milk and egg yolk. These 

compounds promote vitrification of a solution and, thus, may help to reduce toxicity, allowing the 

concomitant decrease in concentrations of potentially harmful P-CPAs. Moreover, they tend to 

increase the viscosity of the cryoprotectant solution and, as a result of the interactions through 

hydrogen bonding with water, they can decrease the propensity for ice crystal formation (Öztürk, 

et al., 2019). 

The main N-CPAs employed for semen cryopreservation in avian species have been PVP 

(Blesbois et al., 2007; Rakha et al., 2017; Thélie et al., 2018), sucrose, and trehalose (Mosca et al., 

2016) and, more recently the Ficoll 70 has been also used successfully in chicken (Miranda et al., 
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2018) and in turkey (Di Iorio et al., 2020b). Several sugars, such as lactose, sucrose, maltose, 

raffinose or trehalose (Hanada and Nagase, 1980; Liu, 1985; Vicente and Viudes de Castro, 1996; 

Dalimata and Graham, 1997) have been included as N-CPAs, together with P-CPAs (DMSO, Gly 

or acetamide) in rabbit cryopreservation extenders. However, in this species, the greatest 

effectiveness was observed for the sucrose on sperm acrosomes in combination with DMSO (Mocé 

and Vicente, 2009; Iaffaldano et al., 2012). In fish species, glucose and sucrose are generally used 

in the freezing medium composition, as energy source; however, it cannot be excluded that they 

also generate a cryoprotective effect (Cabrita et al., 2010). In salmonids species, the combination 

of glucose and methanol in a freezing medium gave the best results for motility and fertility rates 

(Ciereszko et al., 2014; Nynca et al., 2014, 2017; Judycka et al., 2018). 
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Chapter 3 
 

Overview of the semen features in vertebrates with special emphasis on avian, 
rabbit and fish semen properties 

 
 

3.1 General semen features in vertebrates 

Semen consists of two kinds of components: spermatozoa and seminal plasma.  

Spermatozoa are mature and highly differentiated cells produced by the process of spermatogenesis. 

In this stadium spermatozoa are transcriptionally and translationally silent (Gur and Breitbart, 2006), 

therefore, no gene expression and no new protein synthesis occur. Their biological significance is 

turned toward two functions: (1) transportation of the genome from one individual to another and (2) 

fertilization of the oocyte to initiate a new zygote (Blesbois, 2011).  

Throughout the animal kingdom, including the vertebrates, sperm basic structure is highly conserved 

among species and consist in a haploid nucleus (main component of the head), a propulsion system 

(tail or flagellum) and an acrosome. The nucleus contains the sperm genome, which is mostly inactive 

and often highly compacted to resist changes in the medium during their transit from the male to the 

female tract for fertilisation. The tail, in the vertebrates, is usually attached to the head by a neck or a 

connecting piece and it is commonly subdivided into a mid-piece and a principal piece. Generally, to 

the proximal part of the tail, adjacent to the neck, the mitochondria are associated. They are the power 

generators of the cell, producing chemical energy in the form of adenosine triphosphate (ATP), which 

in turn is used by the principal piece, to provide the motive force, through a structure called the 

axoneme or axial filament. The axoneme usually extends from the neck to the end of the tail and in 

most spermatozoa has a distinctive 9+2 microtubule structure. The critical function of the axoneme 

in the spermatozoa is to cleave a high energy phosphate molecule from the ATP and convert the 

chemical energy released from the ATP into mechanical energy, which moves the tail and creates the 

forward motility that is required to reach and fertilise the oocyte. In addition to sperm motility, 

specific plasma membrane adaptations, at the point of fusion with the oolemma and of specific 

organelles, such as the acrosome, are required to assist the fertilizing spermatozoon, to reach the 

female gamete and incorporate its nucleus into the oocyte cytoplasm. In particular, the acrosome 

covers the tip of the sperm head and, in some vertebrates, especially in the mammalian class, it may 

cover up to 2/3 rds of the anterior region of the head. When spermatozoa approach the oocyte, the 

acrosome undergoes an acrosome reaction to release hydrolytic enzymes, which assists the 

spermatozoon to reach and enter the oocyte at fertilization (Temple-Smith et al., 2018).  
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These main spermatozoa functions are specific features of many animal classes and species. However, 

the specialised structures of spermatozoa, which are obtained during spermatogenesis, show a wide 

degree of diversity in their morphology basic structures, both among classes and species. Differences 

in size of the sperm, shape and number of the sperm produced are also incredible. From an 

evolutionary standpoint, one of the keys for these variations or diversity in sperm structure may be 

associated with some factors, such as female reproductive tracts, sperm competition, testicular size 

and sperm size and number (Prakash et al., 2014). 

Seminal plasma is a complex biological fluid composed of secretions from the testis, seminal vesicles, 

epididymis, bulbourethral glands and prostate (Selvam et al., 2019). It provides a nourishing and 

protective milieu for the spermatozoa upon ejaculation up until subsequent fertilization. Its 

composition is very variable among species and can include sugars, proteins and enzymes, 

phospholipids, amino acids and ions, which are very important for sperm metabolism, as well as 

sperm function, survival and transport in the female reproductive tract (Druart and de Graaf, 2018). 

 

3.2 Specific features of avian semen 

Avian semen at the ejaculation is composed of a long and thin sperm comprised primarily of a body 

and tail (Figure 3.1) and seminal plasma produced by the male tract. The sperm concentration is 

usually quite high (from 30 million/mL in griffon vultures up to more than 10 billion/mL in turkeys) 

but varies considerably according to the species and breed. The main body of the sperm consists of a 

cylindrical head with a diameter of approx. 0.5 µm, which contains a scarce amount of cytoplasm, a 

little acrosomal region and the nucleus. This latter is characterized by a filiform and slightly elicoidal 

shape, in which the DNA is packaged through the chromatin, the major component of chromosomes. 

Chromosome number changes according to the species, e.g. the number of chicken sperm (n=41) is 

lower than turkey sperm (n=39). Moreover, unlike mammals, the heterogametic sex is the female 

(ZW) in birds, whereas it is the male (XY) in mammals. Therefore, avian spermatozoa have two Z 

chromosomes (McQueen and Clinton, 2009).  

The intermediate piece consists of a variable number of mitochondria (it means 30 in the chicken and 

turkeys and up to 1000 in some quails). The end portion is the tail, a mobile flagellum that varies in 

length between species (mean 50 to 150 mm, two times in respect to mammalian sperm) and has a 

simple structure, which makes avian sperm highly sensitive to cryodamages (Blesbois, 2011; 

Santiago-Moreno and Blesbois, 2020). Moreover, the high regionalization of the different parts of 

each sperm, the very large cellular membrane surface and relatively low water content (55-60%) are 
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indications that the lipid composition of membranes must be carefully taken into account in the 

cryopreservation process (reviewed by Blesbois and Brillard, 2007).  

At mating, sperm are either deposited into the cloaca (‘‘cloacal kiss’’) in species equipped with a 

vestigial penis (chicken, turkey) or introduced into the mid-vagina, in species with a retractable penis 

(ostrich, duck, goose). Sperm is then subjected to a drastic process of vaginal selection, prior to being 

stored in the sperm-storage tubules (SSTs). The in vivo duration of storage in the SSTs and the 

duration of the fertile period after a single mating or artificial insemination (AI) varies between 

species, breeds and individuals (12 days in Japanese quail, up to 70 days in turkey). The prolonged 

storage of spermatozoa in vivo in the SSTs represents an additional challenge to the development of 

efficient methodologies for the cryopreservation of bird sperm. 

In the practice of artificial insemination, or for semen evaluation, semen is most often collected by 

dorso-abdominal massage (Figure 3.2), a method that is much less traumatic than electrical 

ejaculation with or without anesthesia (Burrows and Quinn, 1937). 

 

 
Figure 3.1. Microscopic view of avian spermatozoa 

 

Avian seminal plasma presents a neutral (or slightly basic) pH and its osmolarity is sustained by a 

high content of amino acids (glutamine, alanine, serine, valine, and glycine) and different proteins 

(albumin, enzymes, such as serine proteinase, phospholipases, glycosidases, acid phosphatases and a 

wide range of antioxidant enzymes). It contains high levels of cholesterol and phospholipids, 

originating from numerous lipidic and lipoproteic (high density lipoproteins, very high density 

lipoproteins) vesicles (Blesbois and Hermier, 1990; Douard et al., 2000), includes the principal 
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inorganic ions (Na+, K+, Cl-, Ca2+ and Mg2+), carbohydrates (inositol and low amounts of glucose and 

glycerol) and hormones (testosterone). 

All these components derive from the proximal efferent ducts, epididymis and the deferent duct, 

including a terminal dilatation (receptaculum ductus deferentis), which enters the cloacum through 

an ejaculatory duct, named papilla ductus deferentis (Santiago-Moreno and Blesbois, 2020). 

Moreover, seminal plasma stimulates sperm motility and it is useful at the time of ejaculation. It is 

not a good medium of sperm storage, despite the presence of high molecular weight fractions that 

sustain fertility and it is eliminated before the sperm reach the SST (Blesbois and de Reviers, 1992). 

 

 
Figure 3.2. Avian semen collection 

3.3 Specific features of rabbit semen 

Rabbit semen is characterized by a lower volume and sperm concentration, (between 0.4 - 0.5 mL 

and 150 - 500×106 sperm/mL, respectively) than other domestic species (Foote and Carney, 2000; 

Mocé et al., 2005a, among others). The wide variations can depend on the breed or genetic line 

(Alvarino, 2000; Mocé et al., 2005a). 

The rabbit spermatozoa are about 50-60 µm long, have a wide, flattened head and a long, thin and 

cylindrical segment composed by a neck, an intermediate part and a flagellum or protoplasmic tail 

(Figure 3.3). The head includes two fundamental structures: the acrosome and the nucleus. The 

acrosome derived from the Golgi apparatus and it is delimited by a trilaminar membrane. It may cover 

up to 2/3 rds of the anterior region of the sperm head, while the remaining part above the acrosome 

is covered by the head cap. The latter structure is composed by sulphur- and fibrous proteins, 

conferring great resistance and protecting the acrosomal content. In the central part of the head, 

instead, it is possible to find the nucleus, whose function is to transport and transmit the chromosomes, 

i.e. the genetic information. The nucleus of a ripe spermatozoon is very dense, as it is composed by 
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tightly packed chromatin. The neck is the region contains centrioles, which give the impulse for the 

meiotic cell division and it is also the starting point of the axoneme, a thigh bundle of axial contractile 

fibres, which continues in the tail. The tail intermediate piece is about 8.8 µm long and contains 

mitochondria, organized in a layer surrounding the axoneme. This part, therefore, constitutes the main 

energy reservoir for the cell. The long tail segment (40 µm) following the intermediate piece (main 

piece) contains arginine, leucine and other essential amino acids. The main piece is composed by 

bundles of parallel contractile fibres, which end in thin fibrils constituting the final segment. These 

filaments are projected in the liquid medium like a helix, thus determining the helical movement of 

the spermatozoa. Moreover, they are able to change their descent energy into ascent energy, thereby 

advancing against the gravity force following the liquid currents of the female genital apparatus. 

The whole sperm cell is enveloped by the plasma membrane, whose function is to contain organelles 

and intracellular components. Unlike sperm from other domestic species, rabbit sperm plasma 

membrane is high in cholesterol:phospholipid ratio (0.88–1.56; Darin-Bennet and White, 1977; 

Castellini et al., 2006a) and has a low ratio of polyunsaturated/saturated fatty acid in phospholipids 

(0.8; Darin-Bennet and White, 1977), which is similar to human sperm. These characteristics would 

yield a membrane structure of intermediate fluidity and would be able to withstand greater 

environmental stress (Darin-Bennet and White, 1977), characterizing their resistance to cold shock. 

Moreover, thanks to its semi-permeability, it maintains the chemical gradient of ions and of the other 

soluble components. Specific membrane proteins facilitate the transport of fructose and glucose from 

the extracellular environment to the inside of the cell, thus providing the energetic substrates required 

for the cell metabolism to allow the sperm movement.  
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Figure 3.3. Microscopic view of rabbit spermatozoa 

In the practice of artificial insemination, or for semen evaluation, rabbit semen is collected by means 

of an artificial vagina filled with a warm liquid (about 45°C) placed under the abdomen of a doe, 

while the doe is held in front of a male; during the ejaculation, semen is collected into a plastic tube 

connected to the artificial vagina (Figure 3.4). In addition, since rabbit does are induced ovulators, 

they require a hormonal stimulus, when artificial insemination is performed, usually using synthetic 

analogous of GnRH (Mocè and Vicente, 2009). 

Rabbit semen has a gelatinous fraction, whose function is to fill the lumen of the vagina, working as 

a biological buffer (Mukherjee et al., 1951). The biochemical composition of rabbit seminal plasma 

is very complex. It contains granules and vesicles similar in size to sperm that differ in the origin and 

function (Minelli et al., 2001). Castellini et al. (2008) suggested that they may have different roles in 

the modulation of some sperm functions, such as motility, capacitation and acrosome reaction, or 

perform an immune protection in the female reproductive tract (Miodrag et al., 1995). Droplets are 

very rich in cholesterol and they will probably act as donors of sterol, to protect sperm against cold 

shock and premature acrosome reaction (Castellini et al., 2006a). 
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Figure 3.4. Rabbit semen collection 

 

3.4 Specific features of teleost fish semen 

Compared to mammalian spermatozoa, the structure of a fish spermatozoon is qualified as “simple 

sperm” (Figure 3.5), mostly because the flagellum structure does not include additional columns 

flanking the motor part (axoneme) that are present in mammal sperm. In teleost fish, spermatozoa 

generally have no acrosome (in contrast to chondrostean, such as sturgeon) and the impenetrable 

chorion presents a micropyle that gives access to the membrane of the oocyte. Spermatozoa often 

have a spherical nucleus with homogenous, highly condensed chromatin, a nuclear fossa, a mid-piece 

of variable size with or without a cytoplasmic channel and one or two long flagella (Leung and 

Jamieson, 1991). 

The head is occupied mostly the nucleus with paternal DNA material. In most fish species, the head 

has an almost spherical shape (diameter of 2–4 µm). In some cases, such as sturgeon, paddlefish and 

eel spermatozoa, the shape of head is elongated (up to 9 µm long and 2 µm wide) (Linhartova et al., 

2013), the mid-piece is mostly composed of the centrioles and the mitochondria (usually from 2 to 9 

per each spermatozoon) that generate energy (ATP) for motility (Cosson, 2012). The centriolar 

complex of mid-piece consists of the proximal and the distal centrioles, which form the basal body 

of the flagellum, used for anchoring the flagellum to the head of the sperm cell. Fish sperm flagellar 

length varies from 20 to 100 µm, depending on the species. Flagellar bending is generated by a highly 

organized cylindrical system of microtubules, called the axoneme, emanating from the basal body 

(Inaba, 2003). In turn, the canonical “9 + 2” axoneme consists of nine pairs of peripheral microtubular 

doublets and one central pair of singlet microtubules. However, Anguilliformes and Elopiformes 

sperm flagella present a “9 + 0” pattern lacking central microtubules (Gibbons et al., 1983). The 



47 
  

structural connections between the nine peripheral outer doublets and the sheath, surrounding the 

central pair, occur through the radial spokes.  

Fish spermatozoa can be classified in two forms, aqua sperm and intro-sperm, according to the 

external or internal mode of fertilization, respectively (Leung and Jamieson, 1991). In the case of 

teleost fish, characterized by external fertilization, most of the physiological activity of spermatozoa 

is motility oriented. Among these processes, the activation of spermatozoon motility is a crucial 

prerequisite. Spermatozoa stored in seminal plasma are, indeed, immotile during transit through the 

genital tract and the motility is induced immediately after the release of spermatozoa into the aqueous 

environment or in an appropriate activating medium. External trigger agents for the initiation of 

motility depend on the species’ reproductive behaviour that is mostly controlled by the aquatic 

environment (fresh or salt water). Triggering signals include osmotic pressure, ionic and gaseous 

components of the external media, and, in some cases, egg-derived substances used for sperm 

guidance (Cosson et al., 2019). During the period after spermatozoa comes in contact with aqueous 

environment or an activating medium, the ion concentrations inside the sperm cell are rebalanced and 

osmotic pressure, affecting the sperm membrane, becomes harmful for sperm integrity, limiting the 

period of motility to a short interval. These phenomena are much faster and more obvious in 

freshwater species, in which sperm motility usually does not last for more than 0.5–2 min (Cosson, 

2010). In this regard, a long range of extender mediums have been developed for fish semen 

cryopreservation, mainly, in order to preserve the viability of sperm by inhibiting the motility and 

conserving the energy until its use. 

In the practice of artificial insemination, or for semen evaluation the fish semen can be stripped by 

giving gentle abdominal massage/pressure and collected directly in a clean, dry and sterilized 

cryovials (Figure 3.6) or ampoules, as quickly as possible, without causing any stress to the donor 

and kept in a cool water bath/ice at 0 - 4 °C, until evaluation and use for further processing (Pon 

Jawahar and Betsy, 2020). 

The composition of seminal plasma in fish shows both interspecific and intraspecific variation (Alavi 

and Cosson, 2006). Among other factors, the season, the age and the frequency of semen collection 

also affect its composition (Pon Jawahar and Betsy, 2020). 

Fish seminal plasma, in contrast to that of higher vertebrates, is characterized by a low protein 

concentration, substantial mineral compounds (Na, K, Ca, Mg) and low concentrations of organic 

substances (cholesterol, glycerol, vitamins, free amino acids, sugars, citric acid and lipids) (Hatef et 

al., 2007). It plays a crucial physio-endocrinological role in supporting spermatozoa after their release 

from the testis into the sperm duct and, subsequently, after the discharge of the sperm into the aquatic 

environment (Morisawa and Morisawa, 1988; Ciereszko et al., 2000; Alavi and Cosson, 2006). 
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Figure 3.5. Microscopic view of teleost fish spermatozoa 

In this regard, the osmotic pressure of seminal plasma plays a crucial factor for the initiation of sperm 

motility. Generally, it is lower in freshwater fishes seminal plasma than the marine fishes. In terms 

of chemical composition, Na+ concentrations of freshwater fishes are lower than those of marine 

fishes, but on the contrary, K+ concentrations are rather higher (Pon Jawahar and Betsy, 2020) and 

play an inhibitory effect upon the initiation of sperm motility in salmonids (Schlenk and Kahmann, 

1938; Benau and Terner, 1980; Billard and Cosson, 1992; Lahnsteiner et al., 1998). 

 

 
Figure 3.6. Fish semen collection 
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Chapter 4 
New perspectives for a proteomic approach in the study of male 

reproductive cells 
 

4.1 Semen proteomics 

The term "PROTEOME" was introduced by Wilkins et al. (1996) to identify the “PROTEins” 

complement of the “genOME”. Currently, the proteome is considered the entire protein complement 

expressed by a cell or tissue type, in the cascade of regulatory events leading from the gene to the 

active protein (Rabilloud, 1999). However, unlike the genome, the proteome is not a fixed feature of 

an organism, but it is an entity, which can change under different conditions as a results of a given 

environment and can be dissimilar from tissue to tissue and even between different cell types. 

Consequently, the terms "proteomics" refers to the methodology that allows us to carry out the 

comprehensive and comparative studies of protein products that are expressed by the genome, with a 

focus on the identification and quantification of proteins and their localization, post-translational 

modifications and interactions (Fields, 2001).  

The ultimate goals of proteomic research are identifying a large suite of specific protein targets related 

to the organisms, providing a protein phenotype and unravelling protein functions. Proteomics, 

therefore, emerged as a leading technology driven field in the postgenomic era, due to the central role 

played by proteins and protein–protein interactions in cell physiology.  

In general, proteomic techniques are classified into separation and identification methods. Initially, 

proteins are extracted from the tissue source and then separated by one- (1D) or two dimensional (2D) 

protein electrophoresis. Resolved proteins are then analyzed by liquid chromatography tandem mass 

spectrometry (LC-MS/MS) to identify peptides or proteins of interest and other advanced proteomic 

tools such as mass spectrometry (MS), MALDI-TOF (matrix-assisted laser desorption/ionization 

time-of-flight) MS and SELDI-TOF (surface-enhanced laser desorption/ionization time-of-flight) 

MS.  

In the last few decades, these proteomic high-throughput technologies have been instrumental in 

mapping and analyzing the whole semen proteome (spermatozoa and seminal plasma) in humans and 

in the most relevant animal species (Kwasiborski et al., 2008; Aitken and Nixon, 2009; Oliva et al., 

2009; Byrne et al., 2012; Marzoni et al., 2013; Labas et al., 2015; Casares-Crespo et al., 2018, 2019).  

The reason that drove the rapid expansion of research on semen proteomics over the past decade is 

the great possibility that this type of approach offers to improve the knowledge of the biochemical 

composition of spermatozoa and their extracellular fluid.  
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These findings provide a foundation for deeper understanding of semen function at the cellular, 

molecular and physiological levels. In particular, the studies on the differential expression of semen 

proteins helps to explain the molecular mechanisms regulating male reproductive health (Samanta et 

al., 2018; Selvam et al., 2019), to understand the cellular pathways, post-translational modifications 

and protein-protein interactions associated with gametogenesis and molecular events that lead to 

fertilization (Agarwal et al., 2020; Töpfer-Petersen et al., 2005), or to identify the role of proteins 

involved in the motility regulation (Zhao et al., 2007; Amaral et al., 2014; Dietrich et al., 2016; 

Codognoto et al., 2018) and/or others sperm quality parameters (Li et al., 2018; Bezerra et al., 2019). 

 

4.1.1 Proteomics applied to the field of semen cryobiology 

Cryobiology is a multidisciplinary science that aims to study the physical and biological behaviours 

of cells and tissues (including their interactions with environment) at low temperatures (especially at 

below the freezing point of water, 0°C; Öztürk et al., 2019). 

Studies carried out on reproductive cell male suggested that spermatozoa have different 

cryobiological properties in every species as well as different degrees of sensitivity to manipulation, 

osmotic tolerance and cold shock (Woods et al., 2004). The progresses made in this research area are 

used to develop more effective cryopreservation procedures and to significantly increase the survival 

rates of frozen spermatozoa. 

The application of comparative proteomics studies in the field of semen cryobiology can offer the 

possibility to deepen the main aspects related to biochemical and physiological changes induced by 

cryopreservation. During the last decade, indeed, the number of published studies in this area has 

experienced a very rapid growth, focusing mainly on the study of proteomic alterations as response 

to the cryogenic damage and on the identification of potential freezability markers. 

Among them, studies on the changes in protein abundance as a result of freezing/thawing have been 

given far more attention, because they provide a better understanding of the mechanisms involved in 

cryopreservation procedures (Pini et al., 2018). 

There are comparisons of human (Wang et al., 2014; Bogle et al., 2017), fish (Li et al., 2010; Zilli et 

al., 2014; Galo et al., 2019), rooster (Cheng et al., 2015), boar (Chen et al., 2014), bull (Westfalewicz 

et al., 2015) and ram (He et al., 2016; Pini et al., 2018) fresh and frozen/thawed spermatozoa currently 

available. The proteomic content of the extracellular medium following freezing in fish (Dietrich et 

al., 2015; Nynca et al., 2015) and bull (Gomes et al., 2020) spermatozoa has also been profiled to 

identify proteins lost due to ‘shedding’ or ‘leakage’. Overall, the results of these studies have been 

highly variable, indeed, the number of proteins altered by cryopreservation ranged from 6 to nearly 
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100 proteins.  Most studies found that more proteins were significantly decreased following freezing 

than increased. 

Historically, the research on protein changes in semen during cryopreservation was based on the 

assumption that freezing/thawing semen induces leakage of proteins, especially enzymes, from inside 

the spermatozoa to the extracellular fluid (Brown et al., 1971; Roychoudhury et al., 1975) or loss of 

spermatozoa membrane proteins (Ollero et al., 1998).  

However, recently, it has been demonstrated that cryopreservation can also increase the protein 

content of spermatozoa (Ardon and Suarez, 2013; Wang et al., 2014; Westfalewicz et al., 2015). 

These authors suggested that increases in protein abundance might be linked with post-translational 

modifications induced by the cryopreservation process. For example, tyrosine phosphorylation, 

which causes a change in the protein isoelectric point and, consequently, in the position of the protein 

spot on a 2-dimensional gel. Alternatively, this phenomenon can be related to the unmasking or 

redistribution of the proteins during cryo-capacitation. It has been well established that sperm 

cryopreservation in domestic animals induces capacitation-like changes in spermatozoa (Cormier et 

al., 1997; Bailey et al., 2003), including the reorganization of the sperm membrane proteins due to 

phospholipid redistribution and cholesterol removal. This suggests that the effect of cryopreservation 

on sperm proteins is complex.  

Several authors reported decreases in sperm proteins involved in antioxidant pathways (Li et al., 

2010; Wang et al., 2014; Cheng et al., 2015; Bogle et al., 2017), the maintenance of plasma membrane 

integrity (Bogle et al., 2017), chaperones (Bogle et al., 2017; Pini et al., 2018a), heat shock proteins 

(Nynca et al., 2015; Pini et al., 2018a) and important structural proteins (Wang et al., 2014; Cheng et 

al., 2015; Bogle et al., 2017). Furthermore, there were decreases reported for important proteins 

related to capacitation (Westfalewicz et al., 2015; Nynca et al., 2015; Bogle et al., 2017) and ‘de-

capacitation’ events (Chen et al., 2014), as well as proteins involved in sperm-oocyte binding (Chen 

et al., 2014; He et al., 2016; Bogle et al., 2017). On the other hand, proteins, which increased after 

cryopreservation included markers of apoptosis, proteins which promote phagocytosis, some 

antioxidants (Chen et al., 2014) and proteins which promote tyrosine phosphorylation (He et al., 2016; 

Pini et al., 2018a). Somewhat unexpectedly, several authors found that proteins directly involved in 

oocyte binding also increased after cryopreservation (Chen et al., 2014; Wang et al., 2014; 

Westfalewicz et al., 2015; He et al., 2016). 

The discovery of this new plethora of proteins that are released from spermatozoa or even increase in 

response to cryogenic damage contributes to a better understanding of the mechanisms involved in 

cryopreservation. It also provides a list of potential biomarkers that are important for the evaluation 

of cryopreservation success (Ciereszko et al., 2017). 
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PREFACE 
Under the scientific name Salmo macrostigma, recently updated in the reports of the Member States 

(according to the Habitat Directive art.17) as Salmo cettii, the endemic Mediterranean brown trout 

populations existing in Corsica, Sardinia, Sicily and in the Adriatic and Tyrrhenian side of the Italian 

peninsula, have been identified (Kottelat and Freyhof, 2007). Subsequently, even the native trout 

populations originally inhabiting the Biferno and Volturno River basins, in the Molise region, were 

confirmed to belong to this species.  

It is known that a large proportion of the intraspecific biological diversity of the Mediterranean brown 

trout is represented by genetic differences between populations, and this genetic divergence is often 

coupled with a pronounced phenotypic variation. In addition, the typical phenotypic plasticity of 

salmonids and their ability to evolve different life histories forms (Klemetsen et al., 2003), make it 

impossible to describe reference morphologies and color patterns of S. cettii. Despite this, considering 

the possible forms of different populations, the Mediterranean trout is characterized by typical 

features as: i) the constant presence of an evident blue-black preopercular mark or halo; ii) the 

common presence of numerous parr marks, even in adults; iii) the frequent presence of a more or less 

evident zebra-like banded pattern on the flanks (Aparicio et al., 2005, Lorenzoni et al., 2019). The 

populations living in the Molise region represent a form of local adaptation that shows all the 

morphological characteristics listed above (Figure S1.1). 

During the breeding season, the Mediterranean trout spawns in shallow and current waters, 

characterized by a bottom with gravel and clear of submerged vegetation. This species requires clear 

waters and moderate currents, with rocky and stony riverbeds, preferring water temperature ranging 

between 10 °C and 17 °C. The gametes spawning period differs among the various populations that 

inhabit the different regions of Italy. In particular, it was observed in December and January in Sicily, 

in February and March in Lazio, whereas from December until March in Molise and Campania.  

Recreational fishing for S. cettii trout is nationally and economically important and particularly 

popular for anglers in the Apennines (Lobón-Cerviá et al., 2019). Moreover, its recognized ecological 

importance led to the inclusion of this species in the Italian biological indices of water pollution, with 

special reference to the fish populations following the EU Water Framework Directive (2000). 

However, over the last few centuries, the distribution range of native Mediterranean brown trout has 

suffered a gradual decrease. According to the Italian report, the conservation status of S. cettii in the 

Mediterranean biogeographical area, is considered as “unfavourable/bad” (U2) and "in decline" and 

even "critically endangered" in the IUNC Italian vertebrate red list (Bianco et al., 2013). This could 

be largely attributed to the harmful interventions of anthropogenic origin, such as dam building, river 

straightening, poaching, overfishing and local pollution (Kottelat and Freyhof, 2007; Duchi, 2016). 
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Moreover, over the past decades, the activities related to sport fishing have caused the introduction 

of domesticated Atlantic strains that are able to hybridize with native populations (Penserini et al., 

2005) in the Italian and European watercourses, including those present in the Volturno and Biferno 

river basins. The introgression by zootechnical strains caused an overall genetic impoverishment, 

removing the original genetic variability and ecological specializations that are distinctive features of 

the salmonid species. Therefore, it is considered to be one of the most serious threats to the long-term 

conservation of diversity within this species (Laikre, 1999; Ferguson, 2006). As result, over the last 

two decades, native salmonid species, including S. cettii, have been the focus of important 

conservation projects, because of population decrease 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., 2018). However, none of these projects 

have so far involved in the creation of a semen cryobank for the biodiversity conservation of these 

important genetic resources.  

To date, semen cryopreservation is the only technology available to develop ex situ conservation 

programmes for fishes, because the cryopreservation of oocytes and embryos result as still 

unsatisfactory. This technique, together with artificial insemination practice, represents a valuable 

tool to maintain the genetic diversity and the fitness within self-sustaining populations.  

In this context, the European "LIFE Nat.Sal.Mo" project (https://greenproject.info/wpg/natsalmo/) 

was recently born in order to ensure the recovery and the conservation of native Mediterranean trout 

(Salmo macrostigma = Salmo cettii) in the Molise river basins (Southern Italy), through the 

application of innovative techniques and participatory governance tools. Among the main aims of the 

present project, besides to protect and restore the functionality of habitats, an important action is 

represented by the recovery of genetic integrity of this precious native trout. In this regard, finding 

an efficient semen freezing protocol represented an important milestone of the project. The 

achievement of this goal was aimed at creation of the first sperm cryobank as an effective strategy 

for protecting the biodiversity of local Mediterranean brown trout populations. Thanks to artificial 

reproduction practice and the use of frozen semen doses in combination with appropriate fertilization 

schemes, the dispersion of native trout inside the project area and the increase of genetic variability 

of the offspring will be ensure. Moreover, the restocking of the suitable areas will be promote using 

eyed eggs by the innovative “artificial nesting” method, in order to avoid the domestication of wild 

stock. 

In the light of these considerations, the research activities reported in this session include three 

studies, whose goals and results are part of a more extended project (LIFE Nat.Sal.Mo), of which the 

University of Molise (UniMol) is the managing coordinator. All studies were designed to identify a 
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reference procedure for the semen freezing of native Mediterranean trout, through the systematic 

study of the main factors that contribute to the success of the cryopreservation procedure.  

In particular, the effects of different basic extender and P-CPAs (study 1); three N-CPAs and two 

thawing rates (study 2); and a simple glucose–methanol (GM) extender (study 3) were evaluated by 

in vitro and in vivo trials. As a final goal, the results of these studies contributed to the start-up of the 

first semen cryobank, as a tank of genetic variability, to be used for the conservation and restock of 

the native population of Mediterranean brown trout. 

 

 
Figure S1.1. Native male captured in the Volturno River 
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This study was designed to optimize the semen freezing protocol of the native 
Mediterranean brown trout inhabiting the Molise rivers through two 
experiments: an in vitro analysis of the effects of two basic extenders combined 
with three cryoprotectants on post-thaw semen quality; and an in vivo test to assess 
the fertilization and hatching rate. Semen was diluted at a ratio of 1:3 in a freezing 
medium composed of a glucose extender (A) or mineral extender (B). Each basic 
component contained 10% dimethylsulfoxide, dimethylacetamide or methanol. 
The post-semen quality was evaluated considering motility, duration of 
motility, viability and DNA integrity. The basic extender and cryoprotectant were 
shown to have significant effects on these variables, and the best results were 
obtained using extender A or B combined with dimethylsulfoxide (P < 0.05). 
These freezing protocols were selected for fertilization trials in vivo. Fertilization 
and hatching rates were significantly higher in fresh semen. No significant 
differences were observed in frozen semen using extender A or B, although higher 
percentages of eyed eggs and hatching rates were recorded using extender A. 
According to our in vitro and in vivo results, the glucose-based extender and 
dimethylsulfoxide emerged as the best combination for an effective 
cryopreservation protocol for semen of this trout. 
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1. Background 

Cryobanking is a valuable tool to preserve the genetic resources of a wide range of fish species and 

cryopreservation has been extensively used in assisted reproductive technology, agriculture, and 

conservation programmes for endangered species playing an important role in genetic selection 

programmes, biodiversity conservation and restocking programmes (Fickel et al., 2007; Martínez-

Páramo et al., 2017; Dietrich and Ciereszko, 2018). 

In aquaculture, semen cryopreservation is widely used to provide gametes year-round for fertilization 

outside of the normal reproductive seasons or to promote alternative techniques for broodstock 

management. In the case of some catfish, the study of sperm cryopreservation is more extensive than 

studied concerning females because the availability male fish is often limited and their peak spawning 

occurs at different times of the year, thus sperm cryopreservation can be used strategically to improve 

the production of hybrid catfish (Hu et al., 2011). In endangered wild aquatic species, gamete freeze 

preservation is a valuable tool for preserving the genetic material of native populations with a specific 

genotype (Robles et al., 2003).Research on fish germplasm cryobanking has been carried out on 

different cell types, including sperm (Martínez-Páramo et al., 2017), somatic cells (Chenais et al., 

2014), fish oocytes and embryos (Zhang and Rawson, 1998; Zhang et al., 2003), and more recently 

spermatogonia and primordial germ cells (Robles et al., 2017).  

In this regard, studies carried out so far on the cryopreservation of fish oocytes indicated that some 

initial promising results were obtained with early stage ovarian follicles, such as stage I and stage II 

follicles (Martínez-Páramo et al., 2017). However, more work needs to be done in optimising the 

protocols for cryopreservation of fish ovarian follicles. Fish embryo cryopreservation has been a 

challenging objective for decades and has yet to be achieved. Therefore, successful fish embryo 

cryopreservation remains elusive (Martínez-Páramo et al., 2017). Therefore, mainly due to the  small 

size of sperm cells and relatively high resistance to chilling, sperm cryopreservation is more 

advantageous compared to the one performed on other cell types, thus resulting in this being the most 

established technique in aquatic species (Martínez-Páramo et al., 2017). 

Salmonid sperm cryopreservation has been widely studied due to their high commercial value, both 

in the food sector and for recreational purposes such as fishing (Bozkurt et al., 2005, 2012; Cabrita et 

al., 2010; Nynca et al., 2014; Martínez-Páramo et al., 2017). However, in salmonids many difficulties 

have been encountered because of the sperm’s high susceptibility to cryopreservation-induced 

damage caused by the short duration of motility, low ATP production, high sensitivity to osmotic 

stress and large number of spermatozoa required to fertilize each egg (Martínez-Páramo et al., 2009). 

Many authors have described damage caused by cryopreservation in trout spermatozoa as affecting 

motility, cell metabolism, and the structure of the plasma membrane, mitochondria, tail and chromatin 
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(Babiak et al., 2001; Labbé and Maisse, 2001; Cabrita et al., 2010). The plasma membrane is one of 

the most susceptible structures since it is highly sensitive to cold-shock damage (Müller et al., 2008), 

osmotic stress (Cabrita et al., 1999), and the presence of reactive oxygen species (ROS) generated 

during the freezing/thawing processes. These agents alter lipid and protein composition, leading to a 

decrease in sperm quality after cryopreservation (Lahnsteiner et al., 2011; Dietrich and Ciereszko, 

2018). 

Cryopreservation involves several factors that need to be fine-tuned to improve sperm cryosurvival 

(Dziewulska and Domagała, 2013; Nynca et al., 2014), including the quality of fresh semen, the 

composition of the basic extender, the type of cryoprotectant (CPA) and its concentration, and the 

freezing and thawing rate (Bozkurt et al., 2005, 2012; Mansour et al., 2006; Cabrita et al., 2010; 

Nynca et al., 2014; Iaffaldano et al., 2016a). Among these factors a decisive role is played by the 

basic extender and CPA type (Bozkurt and Yavas, 2014). Two types of basic extenders have generally 

been used for the cryopreservation of trout spermatozoa: seminal plasma-mimicking media, and 

simple carbohydrate-based solutions (Ciereszko and Dabrowski, 1996; Bozkurt et al., 2011). 

Dimethylsulfoxide (DMSO) is usually applied as the penetrating cryoprotectant (P-CPA) in trout 

semen; however, other penetrating cryoprotectants (P-CPAs), such as dimethylacetamide (DMA), 

ethylene glycol, methanol (MeOH), glycerol and DMSO – glycerol mixtures, are also reported to 

provide efficient results (Babiak et al., 2001; Nynca et al., 2014).  

Listed under the scientific name of Salmo cettii (Bianco et al., 2013; Iaffaldano et al., 2016b), the 

Mediterranean brown trout (Salmo macrostigma) inhabiting the Molise rivers is considered “critically 

endangered” by the Italian Red List of the International Union for Conservation of Nature and Natural 

Resources (IUCN). Finding an efficient freezing protocol for the semen of the Mediterranean brown 

trout (Salmo macrostigma) of Molise will allow the creation of a sperm cryobank. The sperm 

cryobank of autochthonous Mediterranean trout populations with high genetic variability represents 

an action within our financed “Life” project focusing on the recovery and conservation of this native 

trout in Molise rivers.  

Therefore, this study was designed to improve the semen freezing procedure for native Molise trouts 

for the creation of a sperm cryobank by 1) investigating the effects of two basic extenders combined 

with three P-CPAs on in vitro post-thaw semen quality and 2) assessing the in vivo yields of the most 

effective P-CPA identified during phase 1) for each extender. 
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2. Materials and methods 

2.1 Chemicals 

The LIVE/DEAD Sperm Viability Kit was purchased from Molecular Probes, Inc. (Eugene, OR, 

USA) and all other chemicals used in this study were purchased from Sigma, Chemical Co. (Milan, 

Italy).  

 

2.2 Animal and gamete collection 

The experiments were carried out during the spawning season (January-February) in the Bojano 

spring of the Biferno River (Molise, Italy). This sampling location was selected because it is a highly 

attractive spawning site used by the native trout population after upstream migration. 

A total of 67 autochthonous individuals of Salmo cettii were captured by electro-fishing and identified 

as 60 males and 7 females, based on their phenotypic characteristics (Gibertoni et al., 1998; Jelli and 

Gibertoni, 1999; Penserini et al., 2006) and aged as 2+ to 5+ years old. The average total lengths of 

the fishes were 33.8 ± 5.4 cm for males and 36.5 ± 7.7 cm for females.  

Preliminary results of genetic analysis (data not published yet) show that specimens captured in this 

location have low levels of introgression (approximately 0.15%) among allochthonous brown trouts. 

Sperm samples were collected by gentle abdominal massage, and abdomens and urogenital papilla 

were dried before stripping, with special care to avoid contamination of semen with urine, mucus and 

blood cells. Each male was stripped once only and the total amount of expressible milt was collected 

individually in graduated plastic tubes.  

The semen was transported from the river to the laboratory in a portable refrigerator at 4°C. Only 

spermatozoa showing a motility (subjectively evaluated as described in the sperm function section) 

rate higher than 75% were used. Ejaculates of different males were pooled (4/5 ejaculates/pool). In 

total, 12 pools were created and stored in a portable fridge (4ºC) before cryopreservation.  

Egg collection from the 7 mature females was also performed through gentle abdominal massage and 

eggs were carefully selected based on their well-rounded shape and transparency. 

The experiments were carried out in accordance with the Code of Ethics of the EU Directive 

2010/63/EU for animal experiments. The Bioethics Committee of University of Molise (UNIMOL) 

approved all procedures performed in this study (protocol n. 450 - UNMLCLE). 

This study is part of a Nat.Sal.Mo LIFE project (NAT/IT/000547) financed by the European 

community. In addition, our Life project received “a positive opinion" from the Ministry of the 

Environment and the Protection of The territory and the Sea. Sampling and handling of fish followed 

the practices reported in the Ministerial Protocol (ISPRA) in terms of animal welfare. 
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All experiments were conducted with the appropriate permits of the competent authorities (Molise 

Region, protocol number 6192, 13/12/2017) according to the current regulations on the protection of 

the species, biosecurity, protocols of sampling of fresh water and animal welfare. Gametes were 

transported in compliance with current national regulations (Legislative Decree 148/2008, D.L 

3/08/2011). 

 

2.3 Experiment 1. Effects of different extenders and cryoprotectants on post-thaw semen quality 

The experiment was designed in a 2 × 3 factorial arrangement, in which one of the factors was the 

extender and the other factor was the cryoprotectant. 

 

2.4 Extender preparation 

Two basic extenders were employed: extender A containing 300 mM glucose (Tekin et al., 2003) and 

extender B with 75 mM NaCl, 70 mM KCl, 2 mM CaCl2, 1 mM MgSO4 and 20 mM TRIS 

(Lahnsteiner et al., 2003). Each freezing extender contained a basic extender (A or B), + 10% DMSO, 

DMA or MeOH as the P-CPA and 10% of egg yolk as the non-penetrating cryoprotectant (NP-CPA). 

We utilized the egg yolk because its combined use with P-CPA, for brown trout semen 

cryopreservation has been reported to be successful (Dziewulska and Domagała, 2013; Bozkurt et al., 

2011; Domagala et al., 2014). In total, 6 different freezing extenders (2 basic extenders × 3 penetrating 

cryoprotectants) were obtained. 

 

2.5 Sperm cryopreservation 

An aliquot taken from each pool was instantly used to assess fresh semen quality as described below. 

Each pool was split into six equal aliquots (0.4 mL), and each of them was diluted 1:3 (v:v; 

semen:extender) with the 6 different freezing extenders. 

The extended semen was packaged in 0.25 mL plastic straws (IMV Technologies, L'Agile, France), 

which were later sealed with polyvinyl alcohol (PVA). In total 360 straws (5 straws for each treatment 

× 6 treatments × 12 pools) were used. The straws were then equilibrated for 10 minutes at 4°C 

(equilibration time), and frozen by exposure to liquid nitrogen vapor at 5 cm above the liquid nitrogen 

surface for a period of 10 minutes. This method of exposure to liquid nitrogen vapour was previously 

shown to be appropriate (Iaffaldano et al., 2016a). After cryopreservation, the straws were plunged 

into liquid nitrogen for storage at -196°C. Semen samples were later thawed in a water bath at 30°C 

for 10 seconds (Fig. 1). 
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2.6 Sperm function 

The following sperm quality parameters were evaluated in both fresh and thawed semen: sperm 

motility (%), spermatozoa movement duration (s), viability (%) and DNA integrity (%). Sperm 

concentration in fresh semen was also measured by a Neubauer chamber. The semen was diluted 

1/1000 (v:v) with 3% NaCl (w:v) and sperm counts were performed in duplicate at a magnification 

of 400 × and expressed as × 109/mL. 

The sperm motility of fresh semen was subjectively evaluated by placing an aliquot of semen (1 µL) 

on a glass microscope slide with 10 µL of an activation solution (0.3% NaCl). Observation was carried 

out at room temperature (15-20°C) and sperm motility was expressed as the percentage of motile 

spermatozoa observed under 40× magnification. Sperm were defined as motile if they showed 

forward movements, whereas simply vibrating sperm were deemed immobile.  

The motility parameters of cryopreserved semen were examined using a computer-aided sperm 

analysis system coupled to a phase contrast microscope (Nikon Eclipse model 50i; negative contrast) 

employing the Sperm Class Analyzer (SCA) software (version 4.0, Microptic S.L., Barcelona, Spain) 

with the Makler counting chamber (Sefi Medical Instruments, Haifa, Israel). Sperm were activated at 

a dilution of 1:10 with 1% NaHCO3. The following sperm motility parameters were evaluated: motile 

spermatozoa [MOT (%)], curvilinear velocity [VCL, (µm/s)], straight-line velocity [VSL, (µm/s)], 

average path velocity [VAP, (µm/s)], amplitude of lateral head displacement [ALH, (µm)], beat cross 

frequency [BCF, (Hz)], linearity [LIN, (%)], straightness [STR, (%)] and wobble [WOB, (%)]. 

The duration of sperm movement (DSM) was measured using a sensitive chronometer as soon as the 

activation solution was added.  

The integrity of plasma membrane was assessed using the LIVE/DEAD Sperm Viability Kit 

(Molecular Probes, Eugene, Ore) containing the fluorescent stains SYBR-14 and propidium iodide 

(PI). This procedure was performed on 1 µL of fresh or thawed semen, which were added to 40 µL 

of an immobilizing medium (80 mM NaCl, 40 mM KCl, 0.1 Mm CaCl2, 30 mM Tris-HCl, pH 9.2) 

(v/v). A total of 2.5 µL of SYBR-14 working solution (50-fold dilution in distilled water of the stock 

solution−10-fold dilution in DMSO of the SYBR-14 commercial solution) were added to the cell 

suspension. After 10 minutes of incubation at room temperature in the dark, 3 µL of working PI 

solution (PI solution diluted 1:100 in phosphate buffered saline (PBS) diluent were added to the cell 

suspension. The spermatozoa were incubated for an additional 10 minutes under the same conditions. 

Ten microliters of this suspension were then placed on microscope slides, covered with coverslips 

and examined at a magnification ×1000 using a ×100 oil immersion objective under epifluorescence 

illumination. For each sample, approximately 200 spermatozoa were examined in duplicate aliquots. 

SYBR-14 is a membrane-permeant DNA stain, which only stains live spermatozoa producing a green 
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fluorescence of the nuclei, while propidium iodide stains the nuclei of the membrane-damaged cells 

in red. Thus, spermatozoa showing green fluorescence are scored as alive and those showing red 

fluorescence as dead. The percentage of viable spermatozoa was calculated as the number of green 

cells × 100 divided by the total number of sperm counted. 

Sperm DNA integrity was evaluated using acridine orange (AO) following the method described by 

Gandini et al. (2006). We adapted this test following the procedure used for rabbit semen in our 

previous paper (Iaffaldano et al., 2012, 2014). AO is a cationic fluorescent cytochemical that stains 

cell nuclei, specifically DNA. Acridine orange fluoresces green when incorporated into native DNA 

(double-stranded and normal) as a monomer, and orange-red when it binds to denatured (single-

stranded) DNA as an aggregate.  

This test was performed on 1 µL of fresh or thawed semen, which was added to 40 µL of immobilizing 

medium (80 mM NaCl, 40 mM KCl, 0.1 mM CaCl2, 30 mM Tris-HCl, pH 9.2) (v/v). Then, 10 µL of 

this solution was smeared onto a microscope slide, air-dried and fixed overnight in a 3:1 

methanol:glacial acetic acid solution, and air-dried once more. The slides were washed with distilled 

water and the smears were stained with an AO solution (0.2 mg/mL in water) for 5 minutes in the 

dark at room temperature. Each smear was then washed with distilled water, mounted with a coverslip 

and examined using a fluorescence microscope with a 490 nm excitation light and a 530 nm barrier 

filter. Nuclei in at least 200 spermatozoa per slide were examined and scored as fluorescing green or 

yellow-orange-red (intact DNA or damaged DNA respectively) and the percentage of normal and 

abnormal chromatin condensation was also calculated. 

 

2.7 Experiment 2. In vivo reproductive capacity of semen cryopreserved using the most effective P-

CPA identified for each extender in Experiment 1 

Based on the results obtained in 1), we compared in vivo semen cryopreserved using the most 

effective P-CPA identified (DMSO) for each extender (A and B) with fresh semen in an artificial 

fertilization trial. Fertilization was performed using 28 dry plastic dishes, and three treatment groups 

were created: (1) 4 dishes fertilized with fresh semen (control group); (2) 12 dishes fertilized with 

cryopreserved semen using extender A containing DMSO (group A); and (3) 12 dishes fertilized with 

semen frozen using extender B combined with DMSO (group B) (Fig. 2). Eggs were collected from 

seven females and mixed together. A total of 90 ± 16 eggs were placed on each dish, and 5 ml of 

D532 (20 mM Tris, 30 mM glycine, 125 mM NaCl, pH 9.0; Billard, 1992) as a fertilization solution 

was subsequently added to the eggs in each of 28 dishes. The sperm was immediately added, and the 

gametes were gently mixed for 10 seconds. For the control group, excess fresh semen was used at the 

beginning and end of the fertilization trials to test egg quality, while for the frozen treatment groups 
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A and B, 0.25 mL (one straw containing approximately 0.6 × 109 spermatozoa) of thawed semen 

(30°C for 10 seconds) was used for each dish. Then, approximately 20 mL of hatchery water was 

added to the control and frozen treatment groups. After 2 minutes, the eggs were rinsed with hatchery 

water and transferred to perforated baskets (diameter 6 cm), incubated in a longitudinal hatchery tank 

with running water at temperature of 9°C. Unfertilized and dead eggs were continuously counted and 

removed. After 25–30 days, the eggs had reached the eyed-egg stage, and 45–50 days after 

fertilization, the embryos started to hatch. The fertilization success rate was established by calculating 

the percentage of embryos at both the eyed- and hatching-larvae stages. We calculated the percentage 

of eyed embryos and hatching larvae using the initial number of eggs calculated as the number of 

eyed eggs or hatchings larvae × initial egg number-1 × 100. 

 

 
Figure 1. Flow diagram of Experiment #1 demonstrating the cryopreservation protocol used for the brown 
trout sperm cells as described in Experiment 1 
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Figure 2. Flow diagram of the in vivo experiment (Experiment 2) to assess the 
reproductive capacity of cryopreserved semen 

 

2.8 Statistical analysis 

To compare the different treatments, we used a randomized block design in a 2 × 3 factorial 

arrangement (2 extenders × 3 P-CPAs), with 12 replicates per treatment. A generalized linear model 

(GLM) procedure was used to determine the fixed effects of the extender, the type of P-CPA and the 

effects of their interaction on the sperm quality variables. Sperm variables (motility percentage and 

duration, viability and DNA integrity) and fertilization and hatching measured among the different 

treatments were compared by ANOVA (analysis of variance) followed by Scheffe’s comparison test. 

Significance was set at P < 0.05. All statistical tests were performed using the software package SPSS 

(SPSS 15.0 for Windows, 2006; SPSS, Chicago, Ill). 

 

3. Results 

3.1 Effects of different extenders and P-CPAs on post-thaw semen quality 

Spermatozoa motility (%) and their duration (seconds) in fresh semen were 81.2 ± 5.7 and 46.3 ± 6.1, 

sperm viability and DNA integrity (%) were 83.8 ± 3.3 and 97.6 ± 1.2 respectively, and the average 

sperm concentration was 10.6 ± 1.4 × 109 sperm/mL. 

Control	group

Extender	A	
group

Extender	B	
group

Fertilized with excess
fresh semen

Fertilized with one straw for
each dish

containing approximately 0.6
× 109 spermatozoa

Fertilized with one straw for
each dish

containing approximately 0.6
× 109 spermatozoa

Each dish	contained	90	± 16	eggs
N	=	28	dishes	

Experiment	#2:	Flow	Diagram	of	Methods
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The fixed effects of the extender and type of P-CPA combination on sperm viability and DNA 

integrity are shown in Table 1. The data obtained indicate a significant effect of the extender and the 

P-CPA (P < 0.05) on both of these parameters, while no significant interaction effect was observed 

between the extender and the P-CPA. 

Higher values of viability and DNA integrity were recorded in semen frozen in the presence of DMSO 

both in extender A and extender B (P < 0.05). Lower viability and DNA integrity values were found 

for extender B containing MeOH.  

The motility parameters recorded in frozen/thawed semen are provided in Table 2. These data indicate 

a significant effect of the extender used (P < 0.05) on total motility, VCL, VSL, VAP, LIN and DSM. 

The type of P-CPA significantly affected total motility, VSL, VAP, LIN, STR, WOB and DSM, while 

the interaction of the extender × P-CPA affected the total motility, VCL, VSL, VAP, ALH and BCF 

(P < 0.05). The best post-thaw total motility, VCL, VSL, VAP and DSM were recorded for semen 

cryopreserved with extender A/DMSO (P < 0.05).  

For both extenders the lower values of total motility, VCL, VSL, LIN, STR and WOB were recorded 

in semen frozen/thawed in the presence of DMA. 

Based on these findings, extenders A and B combined with DMSO were used in the in vivo artificial 

fertilization trial as the most effective treatments. 

 
Table 1. Sperm viability and DNA integrity (mean ± SE) recorded for 
semen of trout from the Biferno River frozen with different extenders and 
P-CPAs (N = 12) 

Semen treatment Sperm variable 

Extender P-CPA Viability 

     (%) 

DNA integrity 

         (%) 

A DMSO 36.3 ± 1.1a 97.3 ± 1.2a 

A MeOH 22.3 ± 3.1b 86.9 ± 0.4c 

A DMA 22.1 ± 1.6b 91.5 ± 0.8b 

B DMSO 29.9 ± 1.9a 97.1 ± 0.3a 

B MeOH 13.3 ± 1.9c 83.5 ± 0.9d 

B DMA 17.9 ± 3.2bc 89.9 ± 0.5b 

Extender effect 

P-CPA effect 

Extender × P-CPA effect 

P = 0.001 P = 0.001 

P = 0.000 P = 0.000 

P = 0.543 P = 0.082 

a-dDifferent superscript letters within the same column indicate a significant difference (P < 0.05).  Extender: A (glucose 
300 mM); B (NaCl 75 mM, KCl 70 mM, CaCl2 2 mM, MgSO4 1 mM, TRIS 20 mM); P-CPA: penetrating cryoprotectant; 
DMA: dimethylacetamide; DMSO: dimethylsulfoxide; MeOH: methanol 
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Table 2. CASA parameters and duration of sperm movement (mean ± SE) recorded for trout semen of Biferno river frozen in presence of different extenders and P-CPAs 
(N = 12) 

Semen treatment Sperm motility parameters 

Extender P-CPA Total 

Motility 

(%) 

VCL 

(µm/s) 

VSL 

(µm/s) 

VAP 

(µm/s) 

LIN 

(%) 

STR 

(%) 

WOB 

(%) 

ALH 

(µm/s) 

BCF 

(Hz) 

DSM 

(sec) 

A DMSO 42.6 ± 3.5a 22.8 ± 0.5a 10.2 ± 0.3a 16.1 ± 0.4a 44.7 ± 0.9a 62.9 ± 0.6a 70.9 ± 1.1a 3.5 ± 0.1a 2.3 ± 0.3a 40.7 ± 2.1a 

A MeOH 24.6 ± 2.9b 19.2 ± 0.6b 7.8 ± 4.5b 13.1 ± 0.6b 40.3 ± 1.6ab 59.2 ± 1.1ab 67.8 ± 1.5ab 2.6 ± 0.4ab 2.2 ± 0.5a 29.3 ± 1.2b 

A DMA 14.3 ± 2.4c 18.9 ± 0.8b 7.1 ± 0.6bc 12.2 ± 0.9b 36.9 ± 2.4bc 58.1 ± 1.2b 63.5 ± 3.6bc 1.9 ± 0.6bc 0.9 ± 0.3bc 24.8 ± 1.7bc 

B DMSO 20.9 ± 2.1bc 19.7 ± 0.6b 7.2 ± 0.3bc 12.6 ± 0.5b 42.9 ± 3.4a 61.7 ± 2.9a 67.2 ± 3.6ab 0.9 ± 0.5c 0.5 ± 0.2c 30.6 ± 0.7b 

B MeOH 18.4 ± 1.3bc 16.5 ± 0.9c 7.0 ± 0.5bc 11.2 ± 0.9b 36.6 ± 0.9bc 56.9 ± 0.9b 64.2 ± 1.3bc 2.5 ± 0.5ab 1.4 ± 0.5bc 20.7 ± 2.2c 

B DMA 17.5 ± 1.5bc 19.5 ± 0.5b 6.4 ± 0.3c 11.6 ± 0.4b 32.7 ± 1.4c 54.7 ± 1.2b 59.6 ± 1.7c 2.8 ± 0.4ab 1.7 ± 0.4ab 21.4 ± 2.7c 

Extender effect P = 0.000 P = 0.002 P = 0.000 P = 0.000 P = 0.047 P = 0.196 P = 0.061 P = 0.088 P = 0.069 P = 0.000 

P-CPA effect P = 0.000 P = 0.817 P = 0.000 P = 0.029 P = 0.000 P = 0.000 P = 0.009 P = 0.749 P = 0.399 P = 0.000 

Extender × P-CPA 
effect 

P = 0.000 P = 0.000 P = 0.006 P = 0.001 P = 0.841 P = 0.386 P = 0.999 P = 0.001 P = 0.004 P = 0.196 

a-cDifferent superscript letter within the same column indicates a significant difference (P < 0.05). Extender: A (glucose 300 mM); B (NaCl 75 mM, KCl 70 mM, CaCl2 2 mM, 
MgSO4 1 mM, TRIS 20 mM); P-CPA: cryoprotectant; DMA: dimethylacetamide; DMSO: dimethylsulfoxide; MeOH: methanol 
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3.2 Fertilization ability of cryopreserved semen 

The percentage of eyed eggs and hatching rates recorded for cryopreserved and fresh semen are 

provided in Table 3. 

The percentage of eyed and hatched eggs was significantly higher in fresh semen compared to frozen 

semen. No significant differences emerged when we compared the frozen semen using extender A or 

B, although, the higher percentages of eyed eggs and hatching rates were recorded in eggs fertilized 

with extender A. 

Table 3. Fertilization ability of fresh semen or semen frozen in the presence of extender A or B 
combined with DMSO 

 Semen treatment 

 Fresh Frozen 

    Extender A              Extender B            

Eyed eggs (%) 83.7 ± 1.2a 36.5 ± 5.5b 27.8 ± 4.2b 

Hatching rate (%) 75.5 ± 1.6a 32.5 ± 4.9b 23.1 ± 3.5b 

Values with different superscript letters within treatments of the same row are significantly 
different (P < 0.05). Extender: A (glucose 300 mM); B (NaCl 75 mM, KCl 70 mM, CaCl2 2 
mM, MgSO4 1 mM, TRIS 20 mM); DMSO: dimethylsulfoxide 

 
4. Discussion 

Obtaining effective semen cryopreservation protocols is an important goal because sperm 

cryopreservation has several advantages for biodiversity conservation, such as minimizing inbreeding 

and reducing domestication selection. Fish semen cryopreservation is currently the only technology 

available to develop ex situ conservation programmes because oocyte and embryos cryopreservation 

remains unsatisfactory. Importantly, sperm cryopreservation techniques have been developed for a 

wide variety of endangered salmonids (Martínez-Páramo et al., 2017) but seldom used for S. 

macrostigma.  

We recently studied the optimal freezing rate for the semen cryopreservation procedure for the 

Mediterranean brown trout of the Biferno River (Iaffaldano et al., 2016a). The freezing rate is only 

one of the steps of the semen cryopreservation procedure, and further improvements of other steps of 

the freezing protocol are necessary. This is even more important considering that sperm cryotolerance 

could vary among native trout populations. 

This study sought to identify the most effective basic extender and P-CPA as well as the best 

combination between the type of extender and P-CPA for semen cryopreservation in wild specimens 

of the Mediterranean brown trout (Salmo cettii) population of the Molise river (Italy). In this regard, 
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some researchers have indeed shown that the effectiveness of sperm cryopreservation may also 

depend on the interaction between the type of extender and cryoprotectant employed (Tekin et al., 

2007; Bozkurt et al., 2011). 

 

4.1 Effects of different extenders and P-CPAs on in vitro post-thaw semen quality 

Our in vitro results clearly revealed a significant effect of the extender and P-CPA on the quality of 

the cryopreserved semen. In fact, extender A combined with DMSO produced an overall high post-

thaw semen quality compared with all the other combinations. Likewise, extender B combined with 

DMSO showed higher post-thawing quality compared with MeOH and DMA. As reported in the 

literature, the choice of a suitable extender and P-CPA is key to successful cryopreservation of 

salmonid sperm (Bozkurt and Yavas, 2014).   

Here, the choice of the extenders was addressed by previous research that reported a better post 

thawing in vitro semen quality with a mineral-based extender (Lahnsteiner et al., 2003) and glucose-

based extender (Tekin et al., 2003). Our results also revealed that the glucose-based extender 

(extender A) provided better in vitro conditions than the mineral-based extender (extender B) to 

preserve sperm integrity (viability and DNA) and function (motility) during the freezing/thawing 

procedure. This is consistent with the finding of Bozkurt and Yavas (2014) reporting that 

carbohydrate-based extenders are preferred with respect to other extenders. These authors established 

that the glucose-based extender provided higher post-thaw motility and duration with respect to the 

mineral extender (Lahnsteiner extender). Specifically, glucose-based extenders have been used for 

the cryopreservation of rainbow trout (Tekin et al., 2003) and brown trout sperm (Bozkurt et al., 2011; 

Bozkurt and Yavas, 2014) with satisfactory results. Hence, the success of extender A could be 

explained by the ability of glucose to protect the sperm from osmolality damage as reported by Leung 

and Jamieson (1991); Maisse (1996) also showed that the efficacy of sugars as extenders can be 

explained by their role as external CPA and membrane stabilizers. In this regard, various authors have 

recently shown the positive effects of glucose and trehalose as external CPAs in semen 

cryopreservation protocols of rainbow and brown trouts (Ciereszko et al., 2014; Domagala et al., 

2014; Judycka et al., 2016, 2018).  

Another interesting point emerging from this research is that DMSO provided better post-thaw sperm 

quality than DMA and MeOH for both tested extenders. The CPA molecules used here are classified 

as permeable CPAs, and their mechanism of action is the same; therefore, the reason why DMSO 

provided better results is the object of our speculation. P-CPAs are membrane-permeable solutes that 

act intra- and extracellularly, causing the dehydration of spermatozoa because of an osmotically 

driven flow of water, which varies according to CPA composition (Curry, 2000; Purdy, 2006; Elliott 
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et al., 2017). Spermatozoa are normally equilibrated in a P-CPA, preventing cells from undergoing 

intracellular ice-crystal formation, which is mainly responsible for cell damage affecting the plasma 

membrane, mitochondria and chromatin structure (Sieme et al., 2016). 

Penetrating CPAs also cause membrane lipid and protein reorganization. This improves membrane 

fluidity causing greater dehydration at lower temperatures, and thus an increased ability to survive 

cryopreservation (Holt, 2000). In light of these considerations, DMSO was associated with less 

physical-functional injuries to the sperm and was better than DMA and MeOH at preserving the post-

thaw semen quality of Salmo cettii under our experimental conditions. This leads us to hypothesize 

that although the P-CPA molecules act in the same way, they have different chemical-physical 

properties, specifically in terms of molecular weight (DMSO 78.13, DMA 87.12 and methanol 32.04 

gmol-1) and chemical functional groups (DMA-amide groups, DMSO-hydrophilic sulfoxide group 

and MeOH-alcoholic group). These properties are likely to confer upon the compounds a different 

degree of permeability in a given phospholipid bilayer and lesser or greater cellular toxicity. In turn, 

this might lead to variations in the relative cryoprotection efficiency of these CPAs for S. cettii sperm. 

Our results depict a clear scenario in which, because of its lower molecular weight compared to other 

cryoprotectants (DMSO and DMA), MeOH is highly permeable to cell membranes but, on the other 

hand, is also more toxic (Noble, 2003), while DMSO is more permeable to sperm membranes than 

DMA and less toxic than the other compounds. In this regard, this notion is also substantiated by 

Noble (2003), who reported DMSO to be the most widely used P-CPA because it showed the right 

compromise between its membrane permeability and toxicity.  

A variety of P-CPAs, such as DMSO, DMA, MeOH, glycerol and ethylene glycol, have been tested 

for the cryopreservation of brown trout (Sarvi et al., 2006; Martínez-Páramo et al., 2009; Bozkurt et 

al., 2011, 2012; Bozkurt and Yavas, 2014; Nynca et al., 2014) and rainbow trout semen (McNiven et 

al., 1993; Babiak et al., 2001; Bozkurt et al., 2005; Ciereszko et al., 2014). In general, DMSO and 

MeOH at different concentrations were mainly used as P-CPAs in freezing protocols for trout semen, 

whereas little is known about the usage of DMA. In particular, Ciereszko et al. (2014, 2015) and 

Dietrich et al. (2014) reported that MeOH is a suitable P-CPA for sperm cryopreservation of rainbow 

trout, while DMSO is widely used for brown trout (Bozkurt and Yavas, 2014). However, in some 

papers, MeOH has also been successfully used in brown trout cryopreservation (Dziewulska and 

Domagaɫa, 2013; Nynca et al., 2014). 

 

4.2 Fertilization capacity of cryopreserved semen 

Interestingly, our in vivo study reported no significant differences in the number of eyed eggs and 

hatching rates between the considered extenders, although these fertilization parameters were notably 
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higher (approximately 10% more) for extender A. The fertilization ability found here was higher than 

that observed in our previous paper (Iaffaldano et al., 2016a) due to the different sperm-to-egg ratios 

applied. In this regard, we used a ratio of approximately 6 × 106 sperm/egg, while in our previous 

research, a ratio approximately 10 times lower (0.5 × 106 sperm/egg) was applied.  

Therefore, we think that the sperm-to-egg ratio used here is more appropriate for artificial fertilization 

in the Mediterranean brown trout of the Biferno River as a result of a higher concentration of viable 

and motile spermatozoa suitable for each egg. This aspect emphasizes the importance of the choice 

of the optimal spermatozoa/egg ratio to determine the fertilization capacity of thawed sperm, as 

reported by different authors (Dziewulska and Domagała, 2013; Bozkurt and Yavas, 2014; Judycka 

et al., 2018). In addition, the sperm-to-egg ratio used here was similar to that reported in brown trout 

by Sarvi et al. (2006) with 6.2 × 106 sperm/egg, while 4 × 106 sperm/egg was chosen by Dziewulska 

and Domagała (2013). 

In vivo results were similar to those recorded in brown trout by Labbé and Maisse (2001) and Bozkurt 

and Yavas (2014) and were lower than those reported by other authors (Sarvi et al., 2006; Dziewulska 

and Domagała, 2013, Nynca et al., 2014; Golshahi et al., 2015). 

The literature reports how the variability in the biological material and the use of multiple 

preservation procedures have made it impossible to reproduce either the quality or the fertilizing 

capacity of cryopreserved semen (Cabrita et al., 2010; Martínez-Páramo et al., 2009). In addition, 

susceptibility to semen cryopreservation varies among fish species (Cabrita et al., 2010), within 

subpopulations (Martínez-Páramo et al., 2009). This notion is substantiated by Martínez-Páramo et 

al. (2009), who observed different fertilization rates using cryopreserved semen from two brown trout 

subpopulations inhabiting different rivers in the same basin. This means that the sperm of different 

populations belonging to the same fish species have different biological characteristics and 

consequently dissimilar cryoresilience, so an individualized semen cryopreservation protocol is also 

required.  

Thus, the present study showed that an extender composed of 300 mM glucose combined with 10% 

DMSO and 10% egg yolk resulted in remarkably high post-thaw quality in vitro and in a better 

fertilizing ability in semen of the Mediterranean brown trout of the Molise rivers. Therefore, the 

achievement of an effective semen cryopreservation protocol for S. cettii will contribute to the 

creation of a sperm cryobank that is an important tool for the conservation of the biodiversity of this 

Molise native trout. 
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5. Conclusions 

Our results identified the glucose-based extender and DMSO as the best combination for an effective 

cryopreservation protocol for the native trout of the Molise rivers. However, further studies are 

needed to improve the semen freezing protocols for this trout by studying the NP-CPA, equilibration 

time, thawing rate and cryopreserved sperm-to-egg ratio.  

Our findings are important because they will allow the creation of a sperm cryobank that is key to the 

conservation and restoration of the native population of the Mediterranean brown trout (Salmo cettii) 

in Molise rivers. The use of cryopreserved semen in artificial fertilization protocols represents a 

valuable tool to maintain genetic diversity and fitness within self-sustaining populations. 

Furthermore, the creation of the first sperm cryobank of pure Salmo cettii populations with high 

genetic variability will be useful not only for Molise river basins but also for other Italian basins 

where this species is at risk of extinction.  
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Simple Summary: Cryobanking is an important tool to preserve the genetic resources of fish 
species. Semen cryopreservation has been extensively used in conservation programs for 
endangered species. Here, we aimed to find an effective cryopreservation protocol for the 
autochthonous Mediterranean brown trout inhabiting the Biferno river (south Italy), in order to 
create a sperm cryobank. Low-density lipoproteins and sucrose were tested as non-permeating 
cryoprotectants (NP-CPAs) to replace the egg yolk. Moreover, the thawing rate (10 °C for 30 s vs. 
30 °C for 10 s) was also studied. From results obtained in vitro and in vivo, egg yolk emerged as the 
best NP-CPA and the lower thawing rate recorded better post-thaw semen quality in vitro and higher 
fertilization and hatching rates in vivo. These findings are important because they will contribute to 
the creation of a sperm cryobank for Molise’s native trout, which is a milestone of our European 
project (Life Nat.Sal.Mo). 

Abstract: The aim of our study was to test the effects of different non-permeating cryoprotectants 
(NP-CPAs), namely low-density lipoproteins (LDLs), sucrose, and egg yolk, and thawing rates on 
the post-thaw semen quality and fertilizing ability of the native Mediterranean brown trout. Pooled 
semen samples were diluted 1:3 (v:v) with 2.5%, 5%, 10%, or 15% LDL; 0.05, 0.1, or 0.3 M sucrose; 
or 10% egg yolk. At the moment of analysis, semen was thawed at 30 °C/10 s or 10 °C/30 s. The 
post-thaw semen quality was evaluated, considering motility, the duration of motility, viability, and 
DNA integrity. Significantly higher values of motility and viability were obtained using egg yolk/10 
°C for 30 s, across all treatments. However, LDL and sucrose concentrations affected sperm 
cryosurvival, showing the highest post-thaw sperm quality at 5% LDL and 0.1 M sucrose. Based on 
the in vitro data, egg yolk, 5% LDL, and 0.1 M sucrose thawed at 10 °C or 30 °C were tested for the 
in vivo trial. The highest fertilization and hatching rates were recorded using egg yolk/10 °C (p < 
0.05). According to these in vitro and in vivo results, egg yolk emerged as the most suitable NP-
CPA and 10 °C/30 s as the best thawing rate for the cryopreservation of this trout sperm, under our 
experimental conditions. 

Keywords: Salmo cettii; sperm freezing; egg yolk; conservation biology; sperm cryobank; 
fertilization rate 
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1. Introduction 

Sperm cryopreservation is considered a valuable tool for preserving the genetic material of 

endangered fish species by storage of their gametes in a cryobank (Akçay et al., 2004; Martínez-

Páramo et al., 2009; Bozkurt et al., 2012). The semen cryobanks provide the opportunity to preserve 

representative samples and further reconstruct the original strain, 

population, or diversity (Martínez-Páramo et al., 2009; 2017). In this regard, we attempted to find an 

effective semen cryopreservation protocol for the Mediterranean brown trout (Salmo cettii), a native 

species that inhabits the rivers of Molise (Iaffaldano et al., 2015). Currently, this species is listed in 

the Italian IUNC Red List as critically endangered (Bianco et al., 2013), due to river pollution, 

uncontrolled fishing, and hybridization following the introduction of non-native strains that have 

drastically reduced the number of the native species in recent centuries (Iaffaldano et al., 2016). In 

our previous works (Iaffaldano et al., 2015; Di Iorio et al., 2019), the effects of different freezing 

rates, types of basic extenders, and penetrating cryoprotectants (P-CPAs) were studied in vitro and in 

vivo. For our native trout, an adequate amount of satisfactory results had been obtained when the 

semen was frozen in the presence of a glucose-DMSO extender at 5 cm above the liquid nitrogen 

surface, for 10 min. 

However, further factors still need to be tweaked to improve the fertilizing ability of cryopreserved 

semen, in order to achieve satisfactory in vivo results that are closer to those of fresh semen. 

In this regard, the optimization of temperature and thawing rate are very important tools to improve 

the cryopreservation protocol, because thawing rate is a critical factor in preserving the survival of 

the spermatozoa (Sarvi Moghanloo et al., 2007). Nevertheless, there are few available data present in 

the literature regarding the thawing conditions for brown trout semen cryopreservation. 

Another important factor is finding the best combination between non-permeating cryoprotectant 

(NP-CPA) and P-CPA in the freezing extender, which can result in a decrease in sperm damages 

caused by intra and extracellular ice formation, and also improve the egg fertilization rate (Kopeika 

et al., 2003; Fowler and Toner, 2006). Egg yolk has been used as an NP-CPA in our previous studies 

(Iaffaldano et al., 2015; Di Iorio et al., 2019). However, in recent years, there have been increasing 

demands to replace whole egg yolks in semen extenders for two main reasons; one being the presence 

of substances in the egg yolk that could inhibit the sperm respiration (Moussa et al., 2002; 

Kampschmidt et al., 1953; Pace and Graham, 1974) the second being the sanitary and practical 

disadvantages that could occur from its use (Pillet et al., 2011). In this regard, both low-density 

lipoproteins (LDLs) extracted from egg yolk and sucrose as alternative molecules have been 

considered in this paper. Several studies about the use of LDL (Moussa et al., 2002; Hu et al., 2008) 

and sucrose (Mocé and Vicente, 2009; Iaffaldano et al., 2014) in the semen freezing protocol in 
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mammals, in order to improve the post-thaw semen quality, have been published. 

On the contrary, there are only a few reports in which the effects of an isolated fraction of LDL 

(Babiak et al., 2001; Pérez-Cerezales et al., 2010) and sucrose (Maisse, 1994; Lahnsteiner et al., 1996) 

were tested as NP-CPAs on the post-thaw sperm quality of rainbow trout. Therefore, it is completely 

unknown whether replacing egg yolk with LDL or sucrose in a glucose-DMSO extender can improve 

the freezing protocol of Mediterranean brown trout. 

In light of all these considerations, in order to optimize the cryopreservation protocol of that 

Mediterranean brown trout that we have tested, for the first time, the effects of: (1) LDL and sucrose 

as NP-CPAs at different concentrations as alternatives to the egg yolk, and (2) two different thawing 

temperatures on motility, viability, DNA integrity, and the fertilizing capacity of Mediterranean 

brown trout spermatozoa (Salmo cettii). Obtaining an effective semen freezing protocol represents an 

important milestone within our financed “LIFE” project, aiming to establish the first sperm cryobank 

needed for the conservation and restock of the native population of Mediterranean brown trout in the 

Molise River. 

2. Materials and Methods 

2.1. Chemicals 

A LIVE/DEAD Sperm Viability Kit was obtained from Molecular Probes, Inc. (Eugene, OR, USA), 

and all other chemicals used in this study were purchased from Sigma, Chemical Co. (Milan, Italy). 

2.2. Animals 

Specimens of S. cettii were caught from the Biferno river in the Molise region, during spawning 

season (January–February 2017), by electro-fishing. Forty-seven native Mediterranean brown trout 

fish were identified according to their phenotypic features (Gibertoni et al, 1998; Jelli and 

Gibertoni,1999; Penserini et al., 2006). These individuals (40 males and 7 females) were aged at 2+ 

to 5+ years. 

 

2.3. Semen and Egg Collection 

Trout semen and eggs were gathered during spawning season. To collect the sperm, the abdomens 

and urogenital papilla of the fish were carefully dried before stripping to avoid contamination with 

urine, mucus, and blood cells. The semen of 40 males was obtained through a gentle abdominal 

massage. Each male was stripped only once, and the total amount of expressible milt was collected 

individually. 

Following sperm collection in the river, the tubes containing sperm were transferred to the laboratory 

in a portable refrigerator at 4 °C. Only spermatozoa that showed a motility rate higher than 75% were 
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used for experimentation. 

Eggs were collected as follows: 7 mature females were wiped dry, stripped by gentle abdominal 

massage, and the eggs from each female were collected in a dry metal bowl. Eggs were checked 

visually to ensure that the those used in the fertilization experiments were well-rounded and 

transparent. 

2.4. Experiment 1. Effects of Different Non-Permeable Cryoprotectants and Two Thawing Rates on 

Post-Thaw Semen Quality In Vitro 

2.4.1. Extender Preparation 

A basic freezing extender prepared at our laboratory was used. This extender was composed of 0.3 

M glucose containing 10% DMSO (v:v) as a P-CPA. A quantity of 2.5%, 5%, 10%, or 15% (w:v) of 

LDL was added to this extender, obtained using the protocol described by Moussa et al. (2002), and 

0.05, 0.1, or 0.3 M of sucrose, or 10% whole egg yolk as NP-CPAs. In total, 8 different freezing 

extenders were obtained. 

2.4.2. Sperm Cryopreservation Protocol 

In total, 5 pools were prepared and kept at 4 °C before cryopreservation. For each semen pool (about 

4 mL), five ejaculates were mixed in equal ratios to exclude interactions due to individual differences 

in semen quality. 

A semen aliquot taken from each pool was promptly used to assess fresh semen quality as described 

below. Each pool was split into eight subsamples (0.4 mL), and each of them was diluted 1:3 (v:v; 

semen:extender), with a different freezing extender for each one. 

The diluted semen was loaded in 0.25 mL plastic straws, which were sealed with polyvinylalcohol 

(PVA). In total, 240 straws were used (6 straws for each treatment x 8 treatments x 5 replicates). 

Subsequently, the straws were equilibrated for 10 min at 5 °C (equilibration phase), and frozen by 

exposure to liquid nitrogen vapor at 5 cm above the liquid nitrogen level for a period of 10 min. These 

heights in relation to liquid nitrogen vapor resulted in being the most appropriate in our previous 

paper (Iaffaldano et al., 2015). At the end of the cryopreservation process, the straws were submerged 

into liquid nitrogen at 196 °C, where they were stored until analysis. 

Finally, before the analysis, the straws were thawed by immersion in a water bath at two different 

thawing rates, namely, 30 °C for 10 s, as already used in our previous works (Iaffaldano et al., 2015; 

Di Iorio et al., 2019) and 10 °C for 30 s according to Bozkurt et al. (2012). This last rate was chosen 

in order to evaluate the effect of natural river water temperature, during the time of spawning season, 

on the post-thaw sperm quality of Mediterranean brown trout. For each thawing condition, 80 straws 

were thawed (2 straws for each thawing rate x 8 treatments x 5 replicates) and the analysis, as 
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described below, was carried out on each straw. 

2.4.3. Sperm Quality 

The sperm quality parameters evaluated in both fresh and thawed semen were sperm motility (%), 

spermatozoa movement duration (s), viability (%), and DNA integrity (%). Moreover, the fresh 

semen concentration was also measured. For frozen semen, the analyses were carried out in duplicate, 

thawing 2 straws for each condition. 

Sperm concentration was measured by using a Neubauer chamber. The semen was extended 1/1000 

(v:v) with 3% NaCl (w:v), and sperm counts were carried out in duplicate, at a magnification of 400x  

and expressed as x109/mL. Sperm motility was subjectively evaluated as reported in our previous 

paper (Iaffaldano et al., 2015; 2016). Briefly, 1 µL of semen was placed on a glass microscope slide, 

and 10 µL of 0.3% NaCl or 1% NaHCO3 as an activation solution was added for fresh semen and 

frozen semen, respectively. 

The duration of sperm movement was evaluated using a chronometer. 

Sperm viability was assessed using the LIVE/DEAD Sperm Viability Kit (Molecular Probes, Inc.), 

which contained the fluorescent stains SYBR-14 and propidium iodide (PI), following the same 

procedure described in our previous works (Iaffaldano et al., 2015; 2016). 

Sperm DNA integrity was assessed using acridine orange (AO) as described by Gandini et al. (2006). 

We adapted this test following the procedure used for rabbit semen (Iaffaldano et al., 2012; 2014). 

Specifically, 1 µL of fresh or thawed trout semen was extended with 40 µL of immobilizing medium 

(80 mM NaCl, 40 mM KCl, 0.1 mM CaCl2, 30 mM Tris-HCl, pH 9.2) (v/v). Then, 10 µL was 

smeared onto a microscope slide and fixed for at least 12 h in a 3:1 methanol:glacial acetic acid 

solution. Smears were then stained with an AO solution (0.2 mg/mL in water) in the dark at room 

temperature for 5 min; subsequently, 200 spermatozoa per slide were counted and scored as 

possessing green or yellow-orange-red fluorescence (intact DNA or damaged DNA, respectively), 

and the percentage of DNA integrity was calculated. 

2.5. Experiment 2. In Vivo Reproductive Capacity of Cryopreserved Semen 

Based on the results obtained in experiment 1, we compared in vivo semen samples cryopreserved 

using the three NP-CPAs at the concentrations that gave the best results in vitro, and thawed at both 

thawing rates, with fresh semen in an artificial fertilization trial. 

Fertilization was performed using 34 dry plastic dishes. We had one control group, with 4 dishes 

fertilized using fresh semen (control group), and three treatment groups: (1) 10 dishes fertilized with 

cryopreserved semen using 10% egg yolk; (2) 10 dishes fertilized with semen frozen with 5% LDL; 

(3) 10 dishes fertilized with cryopreserved semen using 0.1 M sucrose. For each treatment group, the 
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semen was thawed at 30 °C for 10 s and 10 °C for 30 s. By doing this, we obtained six different 

treatments (3 NP-CPAs x 2 thawing rates). 

Eggs obtained from seven females were mixed together. An amount of 100 ± 11 eggs was placed in 

each dish. Next, 5 mL of D532 (20 mM Tris, 30 mM glycine, 125 mM NaCl, pH 9.0 [Billard, 1992]), 

which served as a fertilization solution, was added to the eggs. The sperm was immediately added, 

and the gametes were gently mixed for 10 s. Excess fresh semen was used at the beginning and the 

end of the fertilization trials to test the quality of the eggs. 

For each treatment group, 0.25 mL (one straw containing approximately 540 x 106 sperm) of thawed 

semen was used for each dish. Then, about 20 mL of hatchery water was added. After 2 min, the eggs 

were rinsed with hatchery water and incubated in incubators at water temperature (9 °C). Unfertilized 

and dead eggs were counted and removed at each day of incubation. After 25–30 days, the eggs had 

reached the eyed-egg stage. Embryos started to hatch 45–50 days after fertilization.  

The fertilization success was established by calculating the percentage of embryos at the eyed stage 

and hatching larvae. We calculated the percentage of eyed embryos and hatching larvae using the 

initial number of eggs and calculated as the number of eyed eggs or hatchings x initial egg number -
1 x 100. 

2.6. Statistical Analysis 

To compare the different treatments, we used a generalized linear model (GLM) procedure to 

determine the fixed effects of NP-CPA concentration, thawing rate, and their interaction on the sperm 

quality variables in vitro; this procedure was used to assess the fixed effects of NP-CPA, thawing 

rate, and their interaction on fertilization and hatching rates. 

Sperm variables (motility percentage, the duration of sperm movement, sperm viability, and DNA 

integrity) and fertilization and hatching were measured across the different treatments and were 

compared by analysis of variance (ANOVA) followed by Duncan’s comparison test. Significance 

was set at p < 0.05. All statistical tests were conducted using the software package SPSS (SPSS 15.0 

for Windows, 2006; SPSS, Chicago, IL, USA). 

3. Results 

3.1. Effects of Different Kinds of NP-CPAs and Thawing Rates on Post-Thaw Semen Quality 

Spermatozoa motility (%) and its duration (s) in fresh semen was 78.50 ± 1.69 and 48.10 ± 2.04, 

while sperm viability and DNA integrity (%) was 82.75 ± 1.38 and 98.28 ± 0.87, respectively. The 

average sperm concentration was 8.66 ± 1.28 x 109 sperm/mL. 

The fixed effects of different NP-CPAs concentrations and thawing rates on sperm motility, the 

duration of sperm motility, viability, and DNA integrity are shown in Table 1. The data obtained 
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indicated a significant effect for the concentrations of NP-CPAs and thawing rates on all parameters 

considered, except for on the motility duration for the thawing rate effect. 

Regarding the interaction effect between the concentration and thawing rates, a significant effect was 

only observed with regards to motility and viability. Significantly higher values were found for 

motility and viability in semen frozen in the presence of 10% egg yolk and thawed at 10 °C for 30 s, 

in comparison to all LDL and sucrose concentrations and thawing rates considered.
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Table 1. Sperm quality variables (mean ± SE) recorded for native trout frozen with different non-permeating CPAs (at different concentration) and two thawing 
rates (n = 5) 

Semen treatment Sperm variables 

CPA Thawing rate (°C) Motility (%) Motility (sec) Viability (%) DNA integrity (%) 

Egg yolk 30 35.00 ± 1.37b 42.70 ± 2.61ab 39.72 ± 1.08b 97.70 ± 0.49a 

Egg yolk 10 51.80 ± 1.65a 47.40 ± 3.09a 53.58 ± 1.23a 98.52 ± 0.40a 

LDL 2.5% 30 10.80 ± 2.03e 21.90 ± 4.28d 15.98 ± 0.31g 93.18 ± 0.92d 

LDL 2.5% 10 14.70 ± 2.14de 25.00 ± 3.55d 16.74 ± 1.26g 95.64 ± 0.4bc 

LDL 5% 30 19.20 ± 0.72cd 28.50 ± 3.23cd 22.34 ± 1.39f 94.92 ± 0.46cd 

LDL 5% 10 22.60 ± 1.37c 31.60 ± 3.76cd 28.52 ± 0.85cd 97.74 ± 0.63a 

LDL 10% 30 20.50 ± 2.39cd 27.50 ± 2.02cd 17.78 ± 0.60g 94.78 ± 0.86cd 

LDL 10% 10 20.50 ± 2.89cd 30.20 ± 3.44cd 23.90 ± 1.04ef 97.46 ± 0.23a 

LDL 15% 30 15.00 ± 2.24de 25.00 ± 3.19d 17.78 ± 0.45g 94.94 ± 0.54cd 

LDL 15% 10 14.50 ± 1.46de 28.10 ± 3.32cd 21.62 ± 0.50f 95.26 ± 0.65bc 
Sucrose 0.05 M 30 18.80 ± 1.89cd 25.90 ± 3.17d 24.14 ± 1.41ef 95.36 ± 0.49bc 

Sucrose 0.05 M 10 21.90 ± 2.24c 28.70 ± 2.21cd 28.62 ± 0.53cd 96.96 ± 0.47ab 

Sucrose 0.1 M 30 24.00 ± 3.32c 36.40 ± 2.82bc 32.08 ± 1.58c 96.69 ± 0.42ab 

Sucrose 0.1 M 10 35.00 ± 2.50b 42.60 ± 2.56ab 39.02 ± 2.56b 98.48 ± 0.96a 

Sucrose 0.3 M 30 18.00 ± 1.46cd 22.90 ± 1.58d 26.48 ± 1.28de 94.44 ± 0.86cd 

Sucrose 0.3 M 10 20.00 ± 1.25cd 23.90 ± 2.15d 31.44 ± 1.83c 97.38 ± 0.30a 

Concentration effect 
Thawing rate effect 
Concentration × thawing rate effect 

p < 0.000 p < 0.000 p < 0.000 p < 0.000 
p < 0.000 p < 0.052 p < 0.000 p < 0.000 
p < 0.001 p < 0.763 p < 0.017 p < 0.194 

a-gDifferent superscript letter within the same column indicates a significant difference (p < 0.05). LDL: low density lipoproteins; CPA: cryoprotectant
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Regarding LDL, significantly higher sperm motility and DNA integrity were recorded for the semen 

frozen with 5% LDL and thawed at 10 °C with respect to those frozen with 2.5% and 15%, whilst the 

viability resulted as significant with all other LDL concentrations. 

For the sucrose treatment group, significantly higher values for sperm motility and viability were 

found in semen frozen at a concentration of 0.1 M and at 10 °C. Moreover, this treatment also returned 

higher values of motility duration (p < 0.05) and DNA integrity compared with other sucrose 

concentrations. In addition, no significant differences were found for the duration of sperm movement 

and DNA integrity between the following treatments: 0.1 M sucrose/ 10 °C and 10% egg yolk/ 10 

°C. 

Based on these findings, 10% egg yolk, 0.1 M sucrose, and 5% LDL were selected as the most 

effective treatments, using both thawing rates (10 °C x 30 s and 30 °C x 10 s) for the in vivo artificial 

fertilization trial. 

3.2. Fertilization Ability of Cryopreserved Semen 

The percentages of fertilization and hatching rates recorded for cryopreserved and fresh semen are 

provided in Table 2. The percentages of fertilization rate and hatched eggs were significantly higher 

(p < 0.05) in fresh semen compared to frozen semen. The data reported in Table 2 indicate a 

significant effect of NP-CPA and thawing rate for both parameters considered, however no significant 

interaction effect was observed. 

Table 2. Fertilization ability of fresh or frozen semen in presence of the three non-permeating cryoprotectants and two 
different thawing rates    

Semen treatment CPA Thawing rate 
(°C) 

Fertilization rate 

(%) 

Hatching rate 

(%) 

Fresh                 −                − 73.27a 68.90a 

Frozen Egg yolk 10% 

 

LDL 5% 

10 

30 

10 

30 

58.62b 

32.88cd 

17.42e 

9.06e 

54.50b 

29.87cd 

16.40e 

6.89e 
 Sucrose 0.1 M 10 

30 

43.71c 

22.87de 

37.85c 

20.85de 
 CPA effect 

thawing rate effect 

CPA × thawing rate effect 

p < 0.000 

p < 0.000 

p < 0.202 

p < 0.000 

p < 0.000 

p < 0.275 

a-eDifferent superscript letter within the same column indicates a significant difference (p < 0.05).  LDL: low density 
lipoproteins; CPA: cryoprotectant 
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Higher fertilization and hatching rates were recorded for the semen cryopreserved in the presence of 

egg yolk and thawed at 10 °C (58.62 and 54.50, respectively), with respect to sucrose and LDL at all 

the thawing rates tested (p < 0.05). On the other hand, the sucrose recorded high values for both 

parameters considered (43.71 and 37.85, respectively) when combined with the thawing rate at 10°C 

x 30 s. LDL, on the contrary, significantly impaired the fertilization and hatching rate compared to 

all other treatments, except for sucrose/30 °C. 

4. Discussion 

This is a comparative study that aims to evaluate the effects of different NP-CPAs and thawing rates 

on Mediterranean brown trout sperm characteristics, which include sperm motility parameters, 

viability, DNA integrity, and fertilization ability. In particular, LDL and sucrose were tested as NP-

CPAs to replace the egg yolk in order to make extender preparation easier and to overcome the 

sanitary and practical disadvantages associated with its use. The results clearly demonstrated that the 

type and concentrations of NP-CPAs used affect the post-thaw quality of trout semen. 

However, contrary to our expectations, the replacement of egg yolk with LDL (extracted from egg 

yolk) or sucrose did not improve the post-thaw in vitro quality, confirming that egg yolk is the best 

NP-CPA for the cryopreservation of Mediterranean brown trout semen (Iaffaldano et al., 2015; Di 

Iorio et al., 2019). On this matter, other authors also showed that the egg yolk is a valuable component 

in extenders for salmonid sperm cryopreservation. The addition of egg yolk in extenders significantly 

increased the post-thaw sperm quality of Atlantic salmon (Alderson and Macneil, 1984), rainbow 

trout (Lahnsteiner et al., 1996; Babiak et al., 2001), and brown trout (Bozkurt et al., 2012), compared 

to frozen semen without egg yolk. 

In mammals, numerous authors have attributed the LDL fraction of egg yolk to an ability to protect 

the spermatozoa during the freeze–thaw process (Moussa, 2002; Hu et al., 2008; Amirat-Briand et 

al., 2004; Bencharif et al., 2008; Moreno et al., 2013). However, the mechanism in which this 

protection is provided to sperm remains elusive. Some authors suggest that LDL could adhere to cell 

membranes, protecting spermatozoa against freeze–thaw damage by stabilizing the cellular 

membrane (Foulkes and Stewart, 1977; Graham and Foote, 1987) other researchers reported that the 

release of phospholipids from LDL during the freezing process could substitute some of the sperm 

membrane’s phospholipids, thus reducing the formation of ice crystals (Moussa, 2002). Because of 

this property, we have chosen to test the effect of the isolated fraction of LDL on the cryopreservation 

of Mediterranean brown trout spermatozoa. 

In this regard, despite the fact that the replacement of egg yolk with LDL has decreased the overall 

post-thaw semen quality, an effect was observed in terms of its concentration. When the LDL 
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concentration was increased from 2.5% to 10%, an improvement was noted in trout sperm 

cryosurvival. 

Conversely, the usage of 15% LDL reduced the post-thaw sperm quality. This could be due to a drop 

in osmotic pressure in the extender, which some authors attributed to the possible precipitation of 

sugars contained in the extender supplemented with high LDL concentrations (Moussa, 2002). 

However, our findings disagree with those reported by Pérez-Cerezales et al. (2010). They showed 

that the LDL fraction (from egg yolk) had a more cryoprotective effect compared to the overall use 

of egg yolk in rainbow trout spermatozoa. These conflicting results could be explained by the 

different experimental conditions used in the two studies. On the other hand, from results obtained 

here and in accordance with Babiak et al. (2001), we can come to the conclusion that LDL is not the 

only constituent of egg yolk that can play a considerable role in sperm protection against injuries 

caused by the freeze–thaw process. 

The choice to assess sucrose as an NP-CPA for our native trout was motivated by its beneficial effects 

obtained in mammal semen freezing and the fact that very little is known about sucrose in trout semen 

cryopreservation. In this regard, in mammals, several authors have reported sucrose as an NP-CPA 

agent in semen cryopreservation extenders (Mocé and Vicente, 2009; Iaffaldano et al., 2014; De 

Leeuw et al., 1993; Molinia et al., 1994; Woelders et al., 1997; Yildiz et al., 2000; Farshad and 

Akhondzadeh, 2008; Khalili et al., 2009), whilst in trout, the effects of sucrose as external 

cryoprotectant on the in vitro post-thaw quality have been studied in only two reports (Maisse, 1994; 

Lahnsteiner et al., 1996). In fact, numerous studies have advised that sucrose can be utilized as a 

source of energy, as alternative sugar to glucose in the preparation of carbohydrate-based extenders, 

rather than being supplemented as a non-permeating agent (Ciereszko and Dabrowski, 1996; 

Lahnsteiner et al., 1997; Glogowski et al., 2000; Sarvi et al., 2006; Nynca et al., 2016). However, 

Maisse (1996) suggested that sugars play a dual role in semen extenders as energy sources and non-

permeating agents. Moreover, some authors observed that disaccharides seem more effective in 

respect to monosaccharides when it comes to causing osmotic dehydration (Pursel et al., 1972; Platov, 

1988). Therefore, the protective effect of sucrose as a non-permeating agent has been related to its 

specific osmotic effect, which induces a decrease in the intracellular freezability of water and 

consequently reduces the sperm injuries provoked by ice crystallization (Aisen et al., 2002; Purdy, 

2006). However, although our results showed that sucrose improves the sperm cryosurvival in 

comparison with LDL, no significant improvement has been observed in comparison with egg yolk 

when the thawing temperature of 10 °C (for 30 s) was used. 

Remarkably, the results obtained in vitro were confirmed by in vivo data when cryopreserved semen, 

in the presence of the highest concentrations of LDL and sucrose, was compared to whole egg yolk 
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in fertilization trials. In relation to this matter, fertilization and hatching rates were significantly 

higher for semen frozen in the presence of egg yolk in comparison with those recorded with 5% LDL 

and 0.1 M sucrose. In accordance with our findings, other authors also showed the valuable effects 

of egg yolk in freezing extenders in respect to LDL on fertilization rates and embryo survival of 

northern pike and rainbow trout (Babiak et al., 1999; 2001). 

Taking into account the overall results in vitro and in vivo obtained here, we can sustain that adding 

the whole egg yolk in the glucose-DMSO extender appears to be the most effective NP-CPA for 

cryopreserved Mediterranean brown trout spermatozoa. 

Another interesting point that emerged from our study was that the thawing rate impacted 

significantly on post-thaw semen quality and fertilizing capacity. In this regard, it is known that the 

thawing rate is among the most critical factors that influence sperm frozen cryosurvival (Fowler and 

Toner, 2006; Wheeler and Thorgard, 1991; Morris, 1981), other than the fact that it is also the most 

sensitive parameter in the cryopreservation of Salmonidae semen (Lahnsteiner et al., 1995; 1998). In 

particular, the lower thawing rate (10 °C for 30 s) recorded better post-thaw semen quality for all NP-

CPAs, regardless of the concentrations used. Similarly, the thawing rate of 10 °C for 30 s showed 

higher fertilization and hatching rates for all the treatments tested, and in accordance with those 

obtained in previous studies by the same authors (Iaffaldano et al., 2015; Di Iorio et al., 2019). In 

accordance with our results, higher fertilization rates of rainbow trout semen using low thawing rates 

(5 °C for 90 s and 10 °C for 30 s) in comparison with high thawing rates (20 °C for 20 s and 30 °C 

for 15 s) were obtained by Wheeler and Thorgaard (1991). Instead, other authors found an impairment 

of fertilization rates when low thawing rates (5 °C for 90 s vs. 15 °C for 45 s) were used Fowler and 

Toner, 2006; Sarvi et al., 2006). However, the conflicting results reported in the literature may depend 

on the different experimental conditions adopted in the studies (extender composition, freezing rates, 

and different straw volume). In particular, the effect of thawing rate seems to be strongly influenced 

by the freezing conditions used (Barbas and Mascarenhas, 2009). In this regard, it is generally 

accepted that, whether the freezing rate is sufficiently low to induce cell dehydration, a low thawing 

rate is required to ensure adequate rehydration; on the contrary, high freezing rates produce induce 

intracellular water freezing, therefore a fast thawing rate is necessary to prevent recrystallization. 

In light of this, we speculate that the freezing rate used in our study allows an intracellular water 

efflux and dehydration such that the lowest thawing rate is appropriate to ensure adequate restoration 

of the intra and extracellular equilibrium. Moreover, given that the natural reproduction of this native 

trout occurs on the spawning grounds at the main springs of the Volturno and Biferno rivers, whose 

water temperature ranges between 7 and 12 °C, this is an exceptional discovery for us, because this 

would facilitate the on-field artificial reproduction practices of wild breeders, directly using the spring 
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water to thaw the straws. 

5. Conclusions 

In conclusion, the present study corroborated that egg yolk is the best non-permeating cryoprotectant 

for the cryopreservation of Mediterranean brown trout sperm, using a glucose-DMSO extender. 

In addition, the temperature of 10 °C improved the sperm fertilization ability, reaching fertilization 

and hatching rates similar to those of fresh semen. These encouraging results provide an important 

contribution for the creation of a sperm cryobank aiming at the restoration of Mediterranean brown 

trout in Molise (Italy), and it is a milestone of our European project (life Nat.Sal.Mo). 

However, given the presence of important sanitary and practical disadvantages related to the use of 

egg yolk, hopefully with further studies the egg yolk could be replaced with another NP-CPA or an 

alternative freezing extender that has the same efficacy or an even better one for the sperm 

cryopreservation of Mediterranean brown trout will be found. 

Recently, in this regard, some Polish colleagues (Nynca et al., 2016; Judycka et al., 2018), using a 

simple glucose–methanol extender to cryopreserve salmonid fish sperm (Atlantic salmon, rainbow 

trout, brown trout, and brook trout) obtained excellent fertilization and hatching rates. These authors 

sustained that their semen cryopreservation protocol seems to be “universal” for the cryopreservation 

of Salmonidae semen. Therefore, we believe in the possibility to test this sperm freezing protocol and 

compare it to ours for Molise native trout. This could be our next challenge. 
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Simple Summary: The sperm cryobank is an effective strategy for protecting the biodiversity of 
the local brown trout population. Thus, the aim of the present work was to test, for the first time, the 
effectiveness of a semen cryopreservation protocol developed for cultivated salmonid fish on wild 
trout inhabiting the Molise rivers. Moreover, the effects of two different thawing rates (40°C/5 sec 
and 10°C/30 sec) were evaluated in vitro and in vivo, in addition different sperm-to-egg ratios (6 
×105:1, 4.5 ×105:1 and 3 × 105:1) were also investigated in vivo, in order to find an effective freezing 
protocol useful for the creation of the first European semen cryobank for the Mediterranean brown 
trout (S. macrostigma = S. cettii). From results obtained in vitro 40°C turned out to be the best 
thawing rate which in combination with a sperm-to-egg ratio of 4.5 × 105:1 was, in vivo, the highest 
fertilization rate. The important results obtained in the present work corroborated the remarkable 
validity and effectiveness of the freezing protocol used in this study on the native trout populations 
from Molise. 
Abstract: The aim of our study was to test the effectiveness of a simple semen cryopreservation 
procedure, developed for cultivated salmonid, on the wild salmonid of the Mediterranean area and 
to evaluate the effect of different thawing rates and sperm-to-egg ratios. The semen of five individual 
males was diluted into a final extender concentration of 0.15 M glucose and 7.5% methanol and 
loaded into 0.25 mL plastic straws, a final sperm concentration of 3.0×109 sperm/mL was obtained. 
After equilibration, the straws were frozen by exposure to liquid nitrogen vapor at 3 cm above liquid 
nitrogen level for 5 min. The semen was thawed at 40°C/5 sec or 10°C/30 sec. The sperm 
cryosurvival was evaluated by examining in vitro the sperm motility parameters by CASA system, 
followed by fertilization trials in vivo, using three different sperm-to-egg ratios 6×105, 4.5×105 and 
3×105:1. The applied cryopreservation procedure resulted in remarkably high (85.6%) post-thaw 
sperm total motility, when the semen was thawed at 40°C/5 sec, whilst the highest fertilization rate 
(53.1%) was recorded for a sperm-to-egg ratio of 4.5×105:1. According to these outcomes, the 
cryopreservation procedure that was tested turned out to be effective for the wild population of 
Mediterranean brown trout and practical for the creation of the first European semen cryobank 
foreseen as part of our "LIFE" Nat.Sal.Mo. project. 

Keywords: Mediterranean brown trout; freezing procedure; sperm-to-egg ratio; conservation 
biology; sperm cryobank 
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1. Introduction 

Mediterranean brown trout is currently listed in Annex II of the Habitat Directive (under the taxon 

Salmo macrostigma) and its overall conservation status declared at the EU level as "bad" and “in 

decline”. In such a contest, the situation of the Italian populations significantly contributes to the 

overall EU status because the Mediterranean trout populations largely represent the majority of the 

European populations of this species. It is currently listed in the Italian IUCN Red List as critically 

endangered (Bianco et al., 2013) under the accepted taxon for the Italian population, S. cettii. Over 

the past decades, the decline of these native populations was mainly attributed to habitat loss, poorly 

regulated fishing and genetic introgression following the introduction of non-native strains. The 

genetic introgression of native populations caused a loss of their ecological specialization 

characteristics, such as adaptation to global changes, resistance to diseases, etc. 

In this regard, the project “LIFE” Nat.Sal.Mo, recently funded by the EU, aims to ensure the recovery 

and the conservation of native Mediterranean trout (S. macrostigma = S. cettii) in Molise river basins 

(Molise region—Southern Italy). 

Among the specific objectives of the project an important role is the restoration of genetic integrity. 

In this matter, we foresee to reduce the genetic introgression in the native populations of the project 

area using two main strategies: (1) to allow access to the main natural spawning grounds only to non-

introgressed wild breeders; and (2) to use a part of the pure wild breeders for artificial reproduction 

with frozen semen combined with appropriate fertilization schemes in order to increase the genetic 

variability of the offspring. In particular, this last action includes frozen sperm doses from a large 

number of native breeders for the creation of the first semen cryobank as an effective strategy for 

protecting the biodiversity of the local Mediterranean brown trout populations. 

However, a fundamental assumption for the creation of a sperm cryobank is the development of a 

successful freezing protocol. Indeed, it is known that cryopreservation procedures are highly stressful 

for sperm cell (Cabrita et al., 2000). Cell damage can be produced both within the cells due to osmotic 

or oxidative stress and in the external medium by mechanical forces due to ice crystal formation 

(Watson, 2000). 

Moreover, it is to be highlighted that the semen from salmonids is among the most difficult to 

cryopreserve due to its peculiar features (short duration of motility, low adenosine triphosphate 

production, high sensitivity to osmotic stress and high number of spermatozoa required to fertilize 

one egg), which make them more sensitive to the cryopreservation process (Martínez-Páramo et al., 

2009). Thus, the conservation of cell structure and its functionality strictly depends on the 

cryopreservation protocol used. In this regard, in the past years our research group has been perfecting 

an effective semen cryopreservation protocol for the Mediterranean trout of the Molise rivers, with 
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the aim of reducing cell damage and preserving the fertilizing ability of sperm (Iaffaldano et al., 2015; 

Di iorio et al., 2019; Rusco et al., 2019). However, despite our efforts and promising results obtained 

so far, we still aim to obtain a freezing procedure reporting a fertilization rate as similar as possible 

to that of fresh semen. Recently, a simple and efficient semen cryopreservation method for several 

cultivated salmonid species was developed by some Polish researchers, which attracted our interest 

(Ciereszko et al., 2014; Nynca et al., 2014; Nynca et al., 2017; Judycka et al., 2018). These authors 

suggested that this freezing method could be “universal” for the semen cryopreservation of salmonids 

species, attributing its effectiveness to the composition of the freezing medium (glucose–methanol 

extender). 

Thus, the aim of the present work was to test, for the first time, the effectiveness of the aforementioned 

semen cryopreservation protocol on wild trout inhabiting the Molise rivers. Moreover, the effects of 

two different thawing rates (40 °C/5 s and 10 °C/30 s) were evaluated in vitro and in vivo and different 

sperm-to-egg ratios (6 x 105:1, 4.5 x 105:1 and 3 x 105:1) were also investigated on fertilization rate. 

The obtaining of an effective freezing protocol represents a milestone in the LIFE  Nat.Sal.Mo project 

useful for the creation of the first European semen cryobank for the Mediterranean brown trout (S. 

macrostigma). 

2. Materials and Methods 

2.1. Collection of Sperm and Eggs 

Sperm and eggs were obtained from Mediterranean brown trout caught from the Biferno river (Molise 

region, latitude: 41°28’047.8’ N and longitude: 14°28’40.9’ E) during spawning season (January-

February 2019) by electro-fishing. 

Sperm samples were collected by the gentle abdominal massaging of five individual males; abdomens 

and urogenital papilla were dried before stripping, with special care to avoid contamination of semen 

with urine, mucus and blood cells. Following samples collection in the river, the tubes containing 

sperm were transferred to the laboratory in a portable refrigerator at 4 °C within 30 min. 

Only spermatozoa that showed a motility rate higher than 70% were used in the experimental design. 

Eggs were collected from two females stripped by gentle abdominal massage in a dry metal bowl and 

were checked visually to ensure that those used in the fertilization experiments were well-rounded 

and transparent. The fish were aged as 2 to 3 + years, and the average total lengths of the fishes were 

25.4 ± 5.2 cm for males and 30.5 ± 6.7 cm for females. The experiments were conducted in accordance 

with the Code of Ethics of the EU Directive 2010/63/EU for animal experiments. This study is part 

of a Nat.Sal.Mo LIFE project that received “a positive opinion” from the Ministry of the Environment 

and the Protection of the Territory and the Sea. 
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2.2. Sperm Cryopreservation 

The semen cryopreservation protocol based on the above mentioned procedure (Nynca et al., 2017), 

which uses a simple glucose–methanol (GM) extender, was used. Briefly, the semen of five individual 

males was diluted to a final extender concentration of 0.15 M glucose and 7.5% methanol and loaded 

into 0.25 mL plastic straws, obtaining a final sperm concentration of 3.0 x 109 sperm/mL. 

Subsequently, the straws were placed on a 3 cm-high frame and equilibrated for 15 min on ice. After 

equilibration, the straws were frozen by exposure to liquid nitrogen vapor at 3 cm above the liquid 

nitrogen level for 5 min. They were then placed in liquid nitrogen. The straws were then thawed by 

immersion in a water bath at two different thawing rates: at 40 °C for 5 s, as reported in the original 

protocol by Nynca et al. (2017), or at 10 °C for 30 s, as already used in our previous work (Rusco et 

al., 2019). 

2.3. Sperm Analysis 

The sperm motility was evaluated in both fresh and thawed semen. For frozen semen, the analyses 

were carried out in duplicate (two straws for each treatment). Moreover, the fresh semen 

concentration was measured by the Neubauer chamber. Briefly, the semen was extended 1/1000 (v:v) 

with 3% NaCl (w:v), and sperm counts were carried out in duplicate, at a magnification of 400x and 

expressed as x 109/mL. 

The sperm motility parameters were examined 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). Spermatozoa were activated at a dilution 

ratio of 1:300 in a solution consisting of 1 mM CaCl2, 20 mM Tris, 30 mM glycine and 125 mM 

NaCl, at pH 9.0 and supplemented with 0.5% bovine albumin (Billard et al., 1992). The following 

sperm motility parameters were evaluated: motile spermatozoa (MOT, [%]), curvilinear velocity 

(VCL, [µm/s]), straight-line velocity (VSL, [µm/s]), average path velocity (VAP, [µm/s]), linearity 

(LIN, (%)) and straightness (STR, (%)). 

2.4. In Vivo Reproductive Ability of Cryopreserved Semen 

The fertilization trial was performed on March 5, 2019. Pooled eggs from two females were divided 

into batches of 106 ± 8 eggs, using 34 glass laboratory jars: four jars were fertilized using excess 

fresh semen at the beginning and at the end of the fertilization trial (control groups) in order to test 

the quality of the eggs; and 30 jars were divided into six treatment groups. Each treatment group was 

fertilized using semen of the individual males (n = 5) thawed at 40 °C or 10 °C with three different 

spermatozoa-to-egg ratios (6 x 105:1, 4.5 x 105:1 and 3 x105:1), as shown in Figure 1. Before adding 

the semen, 5 mL of fertilization solution D532 (20mM Tris, 30 mM glycine, 125 mM NaCl, pH 9.0 
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[Billard, 1992]) was added to the eggs. The sperm was gently mixed with the eggs for 10 s, and then 

about 20 mL of hatchery water was added. After 2 min, the eggs were washed with hatchery water 

and placed 

in an incubator with running water at about 10 °C, where they developed until the eye stage (after 

~25–30 days from fertilization). Unfertilized and dead eggs were counted and removed twice a week. 

The fertilization success was established by calculating the percentage of embryos at the eyed stage, 

using the initial number of eggs (number of eyed eggs x initial egg number-1 x 100). 

 

 
Figure 1. Fertilization scheme used to test spermatozoa fertilization ability of five individual males thawed at 40 °C or 
10°C with sperm-to-egg ratios of 600,000, 450,000 and 300,000:1 

 
2.5. Statistical Analysis 

Sperm motility parameters and fertilization rate measured across the different treatments were 

compared by analysis of variance (ANOVA) followed by Duncan’s comparison test. To assess the 

fixed effects of thawing rate, sperm/egg ratio and their interaction in vivo, we used the generalized 

linear model (GLM) procedure. Significance was set at p < 0.05. All statistical tests were conducted 

using the software package SPSS (SPSS 15.0 for Windows, 2006; SPSS, Chicago, IL, USA). 

3. Results 

3.1. In Vitro Sperm Quality of Fresh and Cryopreserved Semen 

Fresh semen was characterized by a high percentage of sperm motility (92.7% ± 1.0 %). The average 

sperm concentration was 15.7 ± 3.2 x 109 sperm/mL. 

Total motility decreased significantly after semen cryopreservation for both thawing rates tested 

(Table 1). However, a significant (p < 0.05) effect of thawing rate was recorded. In particular, the 
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high thawing rate (40 °C/5 s) resulted in a higher percentage of motile sperm (85.6% ± 2.2%) in 

comparison to sperm total motility obtained in semen thawed at 10 °C/30 s (79.8% ± 1.2%).  The 

cryopreservation procedure did not significantly influence the following motility kinetic parameters: 

VCL, VAP, STR and LIN; the exception thus was for VSL, whose value increased significantly when 

the semen was thawed at 40 °C/ 5 s. 

 

Table 1. Computer-Assisted Sperm Analysis (CASA) parameters recorded for fresh semen or frozen semen (mean ± SE) 
undergoing at two different thawing rates (n =5) 

Treatment Total 
motility (%) 

VCL 

 (µm/s) 

VAP 

 (µm/s) 

VSL 

 (µm/s) 

STR  

(%) 

LIN 

 (%) 

Fresh 92.7 ± 1.0a 41.3 ± 5.0a 29.3 ± 3.8a 17.3 ± 1.7b 64.4 ± 2.6a 49.2 ± 4.3a 

Thawed 40°C 85.6 ± 2.2b 57.8 ± 8.4a 52.7 ± 7.4a 34.7 ± 2.3a 73.2 ± 5.0a 67.2 ± 5.3a 

Thawed 10°C 79.7 ± 1.2c 52.7 ± 14.1a 44.3 ± 11.7a 24.2 ± 3.1b 62.9 ± 7.7a 53.9 ± 8.3a 

a,b,c Values within a column reporting different superscript letter differ significantly at p < 0.05. VCL: curvilinear velocity; 
VAP: average path velocity; VSL: straight-line velocity; STR: straightness; LIN: linearity. 

 

3.2. In Vivo Fertilizing Ability of Fresh and Cryopreserved Semen 

The percentage of eyed embryos for fresh semen was significantly higher (85.1% ± 1.4%) compared 

to frozen semen (Table 2). A significant effect of the thawing rate on the fertilization ability of the 

cryopreserved semen was observed (p < 0.05), whilst no significant effect of the sperm-to-egg ratio 

and interaction effect between these two variables were observed. 

The highest percentage of eyed embryos was found when the semen samples were thawed at 40 °C, 

using a sperm-to-egg ratio of 4.5 x 105 (53.2% ± 6.9%), although significant differences were 

observed only with samples thawed at 10 °C and at the sperm-to-egg ratios of 4.5 x 105:1 and 3 x 

105:1. 
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Table 2. Fertilization ability of fresh or frozen semen (mean ± SE) undergoing two thawing rates and 
using different sperm-to-egg ratios (n = 5) 

 

abcDifferent superscript letters within the same column indicate a significant difference (p < 0.05) 
 

4. Discussion 

An effective semen cryopreservation method was recently developed by a Polish research group for 

several cultivated salmonid species (Ciereszko et al., 2014; Nynca et al., 2014; 2016; 2017; Judycka 

et al., 2018). The high post-thaw semen quality (total motility above 85%) reported in brown trout 

(Salmo trutta m. fario), rainbow trout (Oncorhynchus mykiss), sea trout (Salmo trutta m. trutta), brook 

trout (Salvelinus fontinalis), Atlantic salmon (Salmo salar) and whitefish, as well as the remarkable 

fertilizing ability (eyed embryos and hatching rates above 80%) 

recorded in brown trout, attracted our interest, and prompted us to test the effectiveness of this semen 

freezing protocol on the wild salmonid of the Mediterranean area (S. macrostigma = S. cettii). 

Moreover, two different thawing rates (40 °C for 5 s and 10 °C for 30 s) and different sperm-to-egg 

ratios (6 x 105:1, 4.5 x 105:1 and 3 x 105:1) were also evaluated in order to standardize the 

cryopreservation protocol for our native trout.  

The freezing procedure tested here turned out to have a positive impact on sperm total motility post-

thawing, recording values above 80%. These results were remarkably better compared to that found 

in our previous studies, which ranged between 33% and 52% (Iaffaldano et al., 2015; Di iorio et al., 

2019; Rusco et al., 2019). However, a significant decrease in the total motility after thawing compared 

to the fresh semen was recorded, although this is expected following the cryopreservation process. In 

fact, it is known that the freezing and thawing of sperm is a complex process that causes several forms 

of cellular damages (Cabrita et al., 2000; Iaffaldano et al., 2015). These injuries have been mainly 

Semen treatment Thawing rate (°C) Sperm/egg ratio  Fertilization rate (%) 

Fresh                 −                − 85.1 ± 1.4a 

Frozen 40 600,000 46.1 ± 7.3bc 

  450,000 53.2 ± 6.9b 

  300,000 38.9 ± 10.5bc 

 10 600,000 41.0 ± 5.9bc 

  450,000 30.8 ± 3.8c 

  300,000 27.3 ± 5.2c 

Thawing effect 
Sperm/egg ratio effect 

Thawing rate × sperm/egg ratio effect 

p = 0.031 
p = 0.287 
p = 0.464 
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attributed to cold shock, extreme osmotic changes, intracellular ice crystals and reactive oxygen 

species, with the consequent reduction of the membrane’s permeability and integrity, motility, 

viability and fertilizing ability (Moghanloo et al., 2007). One of main critical factors that affects the 

cryosurvival of spermatozoa is the formation of intracellular ice crystals (ice injury) (Cabrita et al., 

2000; Iaffaldano et al., 2015). Therefore, the choice of the optimal freezing and thawing rate is a 

fundamental requirement in preventing intracellular ice recrystallization and irreversible sperm 

membrane damage. 

In particular, we recorded higher post thawing total motility values (above 80%) using the thawing 

rate of 40 °C/ 5 s with respect to 10 °C/ 30 s. Thus, a higher warming temperature (40 °C) over a 

shorter period (5 s) was better than a slightly longer exposure to a lower temperature (10 °C for 30 

s). These results are also confirmed in vivo; in fact, a significant (p < 0.05) effect of the thawing rate 

was observed on fertilization ability. Other authors also found that a higher thawing temperature 

ensured better sperm cryosurvival (Nynca et al., 2014; 2016; Fowler and Toner, 2006; Sarvi et al., 

2006). On the contrary, in our previous research, the thawing temperature of 10 °C registered both a 

higher post-thaw semen quality and fertilization ability with respect to those recorded at 30 °C/ 10 s 

(Rusco et al., 2019). These conflicting results could be attributed to the different experimental 

conditions adopted in the two studies (extender composition, freezing rates and equilibration time). 

However, the rationale to test the thawing temperature of 10 °C in both studies was driven from the 

possibility to use the spring water (temperature ranging from 7 to 12 °C) to thaw the straws, thus 

facilitating the on-field artificial reproduction practices. 

In discordance with the total motility parameter after thawing, we found an unexpected increase in 

the kinetic motility parameters with respect to those of fresh semen, although this is not statistically 

significant. Between the thawing temperature tested the differences were also not significant, except 

for VSL, which was significantly higher both in respect to fresh semen and in semen thawed at 10 

°C. Further studies are needed to confirm these results and eventually to explain what the reasons are 

for the increase of the kinetic motility parameters in the post thawing semen. Nynca et al. (2016), in 

a recent study on semen of cultivated brown trout, found a similar trend; in fact, a significant increase 

in all kinetic motility parameters in response to freezing semen was recorded, excepted for VCL. 

Another crucial point considered in this work was the identification of the optimal sperm/ egg ratio. 

No significant effect for the sperm/ egg ratio was found, although 4.5 x 105 :1 registered the best eyed 

embryos percentage compared to the other ones tested (6 x 105 :1 and 3 x 105 :1). Nynca et al. (2014) 

showed the highest percentage of eyed embryos for both the 3 x 105 :1 and 6 x 105 :1 sperm-to-egg 

ratios tested. In accordance with the same authors, a controlled and low sperm-to-egg ratio improves 

the effectiveness of brown trout cryopreservation and its fertilization ability. The optimal sperm/ egg 
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ratio discovered in this work allows the reduction of the concentration of spermatozoa necessary for 

egg fertilization, without decreasing the hatching rates. In this way it is possible to limit the wastage 

of sperm (Mongkonpunya et al., 2000), which would be valuable for this endangered species. 

Although, we did not obtain the same excellent results that were reported our Polish colleagues who 

recorded a fertilization rate close to that of fresh semen, we think that the freezing semen protocol 

standardized here resulted as effective even for the autochthonous trout populations from Molise. It 

is a practical freezing protocol that includes the use of a simple glucose–methanol extender and a 

reduced sperm-to-egg ratio by a 10 factor, resulting as better with respect to our previous freezing 

protocol (Rusco et al., 2019) whilst maintaining similar fertilization rates (5 x 106 :1 sperm/ egg ratio; 

54.5% fertilization rate vs. 4.5 x 105 :1 sperm/ egg ratio; 53.2% fertilization rate). 

The sampled individuals in our study were not cultivated brown trout but wild breeders of a 

Mediterranean trout with wide variability of biological features, leading to high heterogeneity both 

in semen quality traits and reproductive performance among individuals within the same population 

(Iaffaldano et al.,2015; 2016). These biological and physiological differences can affect the 

freezability of individual sperm, causing inter-male variability in the responses to cryopreservation. 

In this regard, to ensure genetic variability in supportive breeding of wild native populations, it is 

important to use sperm coming from a single male in order to avoid possible sperm competition in 

semen pools (Beirão et al., 2019). Regarding the LIFE Nat.Sal.Mo. project, the creation of a sperm 

cryobank from genotyped individuals allows us to store sperm doses obtained from a large contingent 

of wild males, which will always be available, for cross-fertilization schemes (Dupont-Nivet et al., 

2006). Thus, the use of cryopreserved semen in artificial fertilization protocols represents a valuable 

tool in maintaining the genetic diversity and the fitness within self-sustaining populations. 

5. Conclusions 

Summing up, the important results obtained in the present work corroborated the validity and 

effectiveness of the freezing protocol used in this study even for the autochthonous trout populations 

from Molise (S. macrostigma = S. cettii). 

The high post-thaw semen quality and the reduced concentration of spermatozoa necessary for egg 

fertilization represented an important goal to be achieved in order to contribute to the creation of the 

first European sperm cryobank aiming at the restoration of Mediterranean brown trout in Molise 

(Italy), a milestone of our European project "LIFE Nat.Sal.Mo". In addition, further research is 

planned in order to understand the biological mechanisms involved in the variability among the 

breeders. 
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Implementation of the semen cryobank: storage of semen doses from selected donors of 

Mediterranean trout inhabiting the Molise Rivers 

The activities aimed at creating the first sperm cryobank of native Mediterranean trout populations 

inhabiting Biferno and Volturno Rivers started during the reproductive season 2019-2020. 

The donors selected for semen collection were captured using fixed traps located in two main strategic 

places, at Bojano and Rio Caprionero for Biferno and Volturno rivers, respectively (Figure S1.2 A-

B), in order to intercept most of the wild breeders moving towards the spawning sites. The native 

breeders captured were identified on the basis of phenotypic and genotypic traits, previously 

characterized within the project. Semen samples were collected by the gentle abdominal massaging. 

Abdomens and urogenital papilla were dried before stripping, with special care to avoid 

contamination of semen with urine, mucus and blood cells. Afterwards, the semen samples were 

transported to the laboratory, as quickly as possible, and subjected to a qualitative and quantitative 

assessment (concentration, volume, color, density, sperm motility and viability) to verify whether the 

semen was suitable for freezing or not. Only spermatozoa that showed a motility rate higher than 75% 

were used for the cryobank. Semen doses were frozen, according to the reference procedure for 

Mediterranean trout semen cryopreservation identified in the study 3 and summarized in the figure 

S1.3 (Rusco et al., 2020). A good straw traceability system was crucial to ensure proper samples 

management. In particular, it was decided to use a different colour for the straw of each donor. This 

was reported on it the date of freezing and the ID number of the donor. 

 

 
Figure S1.2. Fixed traps located at A) Bojano (Biferno River); B) Rio Caprionero (Volturno River) 

 

During this first step a total of 819 semen doses from 57 donors, 30 individuals captured from the 

Biferno river and 27 from the Volturno river, respectively, have been collected and stored in the 

cryobank (Table S1.1).  

A B 
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Figure S1.3. Reference procedure used for cryopreservation of Mediterranean trout semen (Rusco et al., 2020) 

 

The primary site of Mediterranean trout semen storage is located in Campobasso (CB) at the 

Department of Agricultural, Environmental and Food Sciences, and it is under the responsibility of 

UniMol (Figure S1.4).  

 

Figure S1.4. Semen doses of native Mediterranean trout stored at the University of Molise 

 

According to “LIFE Nat.Sal.Mo.” project goals, semen cryopreservation activities will continue in 

the next two years, in order to expand the current collection, in terms of donors and number of semen 

doses to be involved in the cryobank. This precious tank of genetic variability, besides being a 

supporting tool to ensure sustainability of wild populations of Molise Mediterranean trout in the 

future, represents a powerful multiplier effect, which will affect other neighbouring areas at national 

level and other European river basins where S. macrostigma is at risk of extinction.  



 

131 
 

Table S1.1. Results summary of semen samples stored in the first 
European semen cryobank for the native Mediterranean trout inhabiting 
Biferno and Volturno rivers  

Molise Rivers N° of donors N° of doses 

Biferno 30 434 

Volturno 27 385 

Total number 57 819 
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Development of semen cryopreservation reference procedure and 

implementation of the first national cryobank for Italian chicken (Gallus gallus 

domesticus) and turkey (Meleagris gallopavo) breeds 
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PREFACE 
The poultry industry represents an essential and constantly developing sector of agriculture 

production, as an important food provider. 

World poultry meat output, between 2016 and 2018, increased from 115.192 to 123.9 million tonnes, 

while the production volume of eggs exceeded 76.7 million metric tons in 2018, up from 73.9 million 

metric tons in 2016 (FAO, 2019b). In this context, the European Union is the world's second largest 

producer of eggs after China, while poultry meat is the second most produced (15 million tonnes in 

2018) and consumed, after that of pig (EPRS, 2019). In Italy, poultry meat production achieved the 

amount of 1.323.900 tonnes in 2019 (+0.8% than 2018), with an increase of +1,5% for chicken meat 

(948.000 tonnes) in respect to turkey meat production (301.000 tonnes), which together, represent 

almost all of national poultry production (94%).  

The eggs production achieved 12.258 billion (+0,04% than 2018) (Unaitalia, 2019).  

The constant increase of the primary poultry products (meat and eggs) production, over the years, 

reflects the great consumer preference towards the purchase of these animal foods. The affordability, 

the absence of religious restrictions and health image related to the good nutritional quality (low fat 

content and a good and balanced protein content) have been strong drivers for the market demand 

growth. Meanwhile, this continuous growth led to the industrialization of the poultry sector in many 

parts of the world, causing a greater diffusion of intensive farming systems, which uses only higher-

performing commercial hybrids or indiscriminate crossbreeding, related to highly efficient selection 

programs (Delany, 2004), while local breeds have been excluded. 

The intense selection operated on these strains has determine a loss of genetic diversity, a low 

effective response of them to environmental changes and climate variations and compromised the 

consideration and the survival of local poultry breeds (Cendron et al., 2020). These breeds have 

always represented an important source of novel genetic diversity for microevolution and 

environment adaptability (Zanetti et al., 2010) and have a significant socio-cultural and ecological 

value. They may offer an interesting alternative option to commercial lines, supplying high quality 

products of great interest for local and regional markets (De Marchi et al., 2005; Castellini et al., 

2006). Moreover, their rearing may enhance the livelihoods of local communities and reduce the 

impact of intensive productions.  

For these reasons, many countries, at global and European level, are focusing on the preservation and 

valorisation programs of local poultry breeds, including chicken and turkey. 

Many of these conservation programs have included the in situ strategy, as a prioritized approach. 

However, taking into account the excessive costs associated with the maintenance of live animals, 
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the creation of cryobanks is becoming increasingly popular, as a complementary strategy to the in 

situ one. 

To date, the establishment of sperm cryobanks for chicken breeds has been dealt with some countries 

outside of Europe (America, Japan) and in some European countries (France, Spain, Hungary, 

Netherlands and Switzerland). On the contrary, semen cryobanks for turkey breeds are present only 

in North America and in Hungary. 

In the past, 53 native breeds have been historically described in Italy and most of them are reported 

to be extinct (67%) or at risk (21%) (Zanon and Sabbioni 2001). According to the National Registry 

of native poultry breeds, recently established by the Italian Ministry of Agricultural, Food and 

Forestry Policies (MiPAAF-DM 19536, 1st October, 2014), 22 local chicken (Figure S2.1) and 8 

local turkey breeds (Figure S2.2) are still present on the Italian territory. However, these breeds are 

characterized by small populations size, locally fragmented and linked to the territory of origin, which 

in turn represented the main causes of the serious risk of genetic erosion. Therefore, like in other 

developed countries, the safeguarding of Italian poultry biodiversity has become a matter of great 

concern. The interest in the conservation of Italian poultry breeds began about 20 years ago and 

continues to this day with regional and national plans for conservation and valorisation (Sabbioni et 

al., 2006; De Marchi et al., 2005, 2006; Rischkowsky and Pilling, 2007; Strillacci et al., 2009; Zanetti 

et al., 2010; Rizzi and Marangon, 2012; Mosca et al., 2018). However, these programs are only based 

on in situ conservation strategy that is going on at a relatively slow pace because of the complexity 

of maintaining live animals. 

For this reason, in the 2017 a partnership, that included 7 Italian universities (Milan, Molise, Padova, 

Perugia, Pisa, Florence and Turin), was formed, thanks to which the TuBAvI project - “Conservation 

of biodiversity in Italian poultry breeds” (https://www.pollitaliani. it/en/project/) - was developed. 

This project aims to safeguard, conserve and valorize the poultry genetic resources present throughout 

the Italian territory, mainly represented by the two most relevant species, namely chicken (Gallus 

gallus domesticus) and turkey (Meleagris gallopavo). Unlike the others, the strength of the TuBAvI 

project was the implementation of an integrated conservation strategy, where ex situ in vitro 

conservation actions were planned to support the maintenance of poultry genetic diversity in situ. 

According to the census performed within this project, most Italian chicken and turkey breeds had 

less than 500 individuals each. Considering the FAO criteria to establish the breeds risk status, they 

are classified as critical or endangered and, consequently, they are considered as priority for ex situ 

in vitro conservation of germplasm. 

In poultry species, including turkey and chicken, semen cryopreservation is the only technology, 

currently available, for the ex situ in vitro management, due to the fact that embryos and oocytes 
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cannot be frozen (Blesbois et al., 2007). Nevertheless, this precious biotechnology is still being 

researched because of the high cellular damage suffered by male gametes during the freezing/thawing 

process and the consequent severe reduction in fertility (Blesbois, 2007; Cerolini et al., 2007; 

Santiago-Moreno et al., 2011). 

In light of these considerations, the research activities reported in this session include two studies, 

whose goals and results are part of a more extended project (TuBAvI). Both studies aimed to identify 

a reference procedure for freezing turkey semen through the evaluation of sensitivity to freezing in 

vitro (study 4) and the fertilizing ability in vivo (study 5). As a final goal, the results of these research 

contributed to the start-up of the first semen cryobank of Italian poultry breeds, in order to ensure the 

long-term conservation of this precious genetic heritage. 
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Figure S2.1. Schematic representation of chicken breeds origins in Italy (figure taken from 
https://www.pinterest.it/pin/862157922398189945/ and adapted for illustrative purpose only). Ancona (ANC); Bianca di 
Saluzzo (BS); Bionda Piemontese (BP); Collo Nudo (CN); Ermellinato di Rovigo (ER); Livorno (LIV); Mericanel della 
Brianza (MB); Millefiori Lonigo (ML); Millefiori Piemontese (MP); Modenese (MOD); Mugellese (MUG); Padovana 
(PAD); Pepoi (PEP); Pollo Trentino (PT); Polverara (POLV); Robusta Lionata (RL); Robusta Maculata (RM); 
Romagnolo (ROM); Valdarnese Bianca (VB); Valdarno (VAL); Siciliana (SIC); Tirolese (TIR).  
 
 
 
 
 
 
 

 
Figure S2.2. Schematic representation of turkey breeds origins in Italy (figure taken from 
https://www.pinterest.it/pin/862157922398189945/ and adapted for illustrative purpose only). Brianzolo (BR); Nero 
d’Italia (NI); Bronzato Comune (BC); Bronzato dei colli euganei (BCE); Ermellinato di Rovigo (ER); Castano Precoce 
(CP); Tacchino di Parma e Piacenza (P&P); Romagnolo (ROM) 
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Simple Summary: The most adopted biotechnology for the conservation of genetic resources in 
avian species is semen cryopreservation. Therefore, the identification of a reference 
cryopreservation procedure represents a key point for ensuring the long-term conservation of genetic 
diversity in birds, through the implementation of a semen cryobank. In this study, our goal was to 
discover an effective freezing protocol for Meleagris gallopavo in order to realize the first Italian 
semen cryobank of autochthonous chicken and turkey breeds within our project (TuBAvI). For this 
purpose, we investigated the effects of three non-permeant cryoprotectants (sucrose, trehalose, and 
Ficoll) and two dilution rates (1:2 and 1:4) on the in vitro cryosurvivability of turkey spermatozoa. 
After thawing, the best semen quality was found in semen frozen in the presence of Ficoll and diluted 
at a final rate of 1:4. This paper provides encouraging results, however further studies are 
programmed to standardize the semen cryopreservation protocol. 

Abstract: The present study aimed to find an effective cryopreservation protocol for turkey semen 
through the combined use of dimethylsulfoxide (DMSO) and three non-permeant cryoprotectants 
(NP-CPAs), sucrose, trehalose, and Ficoll 70. In addition, the action of two dilution rates (1:2 and 
1:4) were also investigated. Semen was processed according to two final dilution rates and the 
following treatments: Tselutin extender (TE)/DMSO (control), TE/DMSO + sucrose or trehalose 
50, 100, 200, or 400 mM, and TE/DMSO + Ficoll 0.5, 0.75, 1, or 1.5 mM. In total 26 different 
combinations treatments were achieved. The diluted semen was filled up into straws and frozen on 
liquid nitrogen vapor. The post-thawing sperm quality was assessed by analyzing motility, 
membrane integrity, osmotic resistance, and DNA integrity. The results obtained revealed a 
significant effect of NP-CPA concentration on total and progressive motility, on most of the kinetic 
parameters, on membrane integrity and DNA integrity, while the post-thaw quality was less affected 
by dilution rate. The highest post-thaw quality for all sperm quality parameters assessed except 
curvilinear velocity (VCL) and DNA integrity were found in semen frozen with 1 mM Ficoll/1:4 (p 
< 0.05). Our findings provide an important contribution for the identification of a reference 
procedure for turkey semen cryopreservation, in order to create the first national avian semen 
cryobank. 

Keywords: Meleagris gallopavo; cryopreservation procedure; Ficoll; dilution rate; sperm cryoban 
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1. Introduction 

In the last few decades in Italy, Farm Animal Genetic Resources (FAnGR) of avian species have 

rapidly declined, mainly due to the use of commercial hybrids in intensive breeding. The role and 

contribution of FAnGR has often been overlooked. Indigenous FAnGR carry genes that enable 

animals to tolerate harsh environments and repel the epidemic diseases from attacking (Mara et al., 

2013; Joost and Bruford, 2015; Thélie et al., 2019). Furthermore, preserving animal genetic resources 

will maintain our traditions and provide end users with multiple opportunities, including the 

enhancement of food quality and additional options to sustain economically on changing markets. 

The conservation of FAnGR, through the adoption of in situ and ex situ strategies, is an action 

undertaken to ensure the diversity of farm animal genetic material. In avian species, in addition to in 

vivo management, in vitro conservation is strategic in order to secure genetic diversity of a wide range 

of lines and breeds, and/or to contribute in creating new resources (Blesbois et al., 2007, 2008; Váradi 

et al., 2013; Madeddu et al., 2016, Thananurak et al., 2019). 

Semen cryopreservation is the most suitable technology for the ex situ in vitro conservation of avian 

genetic resources and preservation of rare breeds since it is the only non-invasive and the least 

expensive in vitro method available to date (Long, 2006; Blesbois, 2011; Ehling et al., 2012; Thélie 

et al., 2019). However, other methods within ex situ in vitro strategies including primordial germ cells 

and gonadic tissues technologies are still in progress but may be seen as methods that are 

complementary to semen cryopreservation (Liptoi et al., 2013; Nakamura, 2016; Sztan et al., 2017; 

Thélie et al., 2019). Hence, the obtainment of an effective semen cryopreservation protocol in avian 

species represents a key point for ensuring the long-term conservation of genetic diversity through 

the creation of a semen cryobank.  

Different freezing procedures have been developed to cryopreserve avian semen (Blesbois et al., 

2007; Santiago-Moreno et al., 2012; Rakha et al., 2018 a,b,c; Chuaychunoo et al., 2017; Thananurak 

et al., 2019). Effective semen cryopreservation protocols have allowed the creation of semen 

cryobanks for various wild and some domestic chicken species (Blackburn, 2006; Woelders et al., 

2006; Blesbois, 2007; Blanco et al., 2009; Kowalczyk et al., 2012; Thélie et al., 2019). However, up 

to day research efforts have not yet served in creating a turkey semen cryobank. 

Recently, thanks to our financed project “TuBAvI” by the Ministry of Agricultural, Food and Forestry 

Policies (MiPAAF) the first Italian semen cryobank of autochthonous chicken and turkey breeds will 

be realized. The fundamental assumption for the creation of a semen cryobank is the development of 

a successful freezing protocol. Notice that the semen cryopreservation technique in avian species and 

particularly in Meleagris gallopavo is still not satisfactory because of the inability of turkey 

spermatozoa to successfully survive during the freezing/thawing process with obvious detrimental 
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consequences on fertility (Blesbois, 2007; Iaffaldano et al., 2011, 2016 a,b; Long, 2014). This is due 

to the increased susceptibility of turkey spermatozoa to the damage that occurs during the freezing 

process compared to those of chicken (Blanco et al., 2000; Long et al., 2006; Blesbois, 2007; 

Iaffaldano et al., 2011, 2016 a,b); for these reasons procedures developed to cryopreserve chicken 

semen are inefficient and thus not transferable to the turkey semen. Moreover, the obtainment of an 

effective semen cryopreservation protocol would have practical benefits for turkey production. 

Turkeys are the only commercial poultry species that depend entirely upon AI for fertile egg 

production. 

Over the years the scientific community has been committed to discover an effective freezing protocol 

for turkey semen by studying the different variables that affect sperm cryosurvival: extender, dilution 

rate, cryoprotectant (CPA), freezing conditions, packaging system and warming procedure (Massip 

et al., 2004; Blanco et al., 2008, 2011, 2012; Iaffaldano et al., 2011, 2016a; Long et al., 2014). The 

results deriving from these studies have given highly variable success rates; therefore, there is a clear 

need to standardize the whole freezing and thawing process to minimize variability in results.  

Among the studies undertaken, the choice of permeant (P) and non-permeant (NP) CPAs and in 

particular their combination gives interesting results but yet to be fully explored. It is known that the 

P-CPAs mainly involved in freezing protocols for turkey semen are glycerol, dimethylsulfoxide 

(DMSO), ethylene glycol, and dimethylacetamide (DMA) (Long et al., 2006, 2014; Blanco et al., 

2011,2012; Iaffaldano et al., 2011, 2016 a,b).  

However, in order to reduce the cryo-damages caused by permeant CPAs, the addition of NP-CPAs 

in the freezing medium in combination with permeant ones have been considered in avian sperm 

(turkey and crane: Blanco et al., 2011; chicken: Mosca et al., 2016, Miranda et al., 2018; Thananurak 

et al., 2019). The main NP-CPAs employed for semen cryopreservation in avian species have been 

PVP (Blesbois et al., 2007; Rakha et al., 2017; Thélie et al., 2019), sucrose and trehalose (Blanco et 

al., 2011; Mosca et al., 2016), moreover, recently the Ficoll 70 has been used successfully in chicken 

(Miranda et al., 2018) and dextran in turkey (Gloria et al., 2019). To the best of our knowledge there 

are only a few papers in the literature regarding the combination between P-CPAs and NP-CAPs in 

the freezing protocol for turkey semen and the use of Ficoll as a NP-CPA has not yet been tested in 

the turkey. In our previous paper (Iaffaldano et al., 2016a) after the cooling phase, the semen was 

diluted with freezing extender containing as P-CPA the DMSO and to our knowledge there is scarce 

information about the effects of dilution rate. In this context, this study was designed to improve the 

freezing procedure for turkey semen by comparing Ficoll 70 with sucrose and trehalose, at different 

concentrations, on in vitro post-thaw semen quality. Moreover, two dilution rates were also evaluated.  



 

143 
 

2. Materials and methods 

2.1 Experimental design 

The model used for the turkey semen cryopreservation was set up in a 3 × 4 × 2 design as follows: 

NP-CPA (sucrose, trehalose or Ficoll), NP-CPA concentration (50, 100, 200 or 400 mM of sucrose 

or trehalose and 0.5, 0.75, 1 or 1.5 mM of Ficoll) dilution rate (1:2 or 1:4). Samples of pooled turkey 

semen were processed for freezing using the full combinations of these factors. 

2.2 Chemicals 

The LIVE/DEAD Sperm Viability Kit was purchased from Molecular Probes, Inc. (Eugene, OR, 

USA). All other reagents used in this study were obtained from Sigma, Chemical Co. (Milan, Italy). 

2.3 Animals  

The animals used during this study were 150 turkey males of the Hybrid Large White line British 

United Turkeys (B.U.T.) supplied by Agricola Santo Stefano (Amadori Group, TE, Italy). Turkeys 

were reared in a poultry house in a controlled environment with artificial lighting (14 h light-10 h 

dark cycle) and given free access to a standard commercial feed and water.  

2.4 Extender preparation 

A base cryodiluent prepared at our laboratory was used. This extender is composed of Tselutin 

(Tselutin et al., 1995) containing 20% DMSO (v:v) as the P-CPA (control group). To this extender 

we added the NP-CPAs at four different concentrations: 50, 100, 200 or 400 mM for sucrose and 

trehalose and 0.5, 0.75, 1 or 1.5 mM for Ficoll to yield 13 different freezing extenders (Figure 1). 

 

2.5 Semen processing  

The experiments were carried out during the July-September 2018 period, corresponding to the best 

period of the reproductive cycle (32nd − 44th week) to produce semen with higher quality as show in 

our previous papers (Iaffaldano et al., 2008, 2018). 

Semen was collected by abdominal massage and pooled (1 ejaculate/male; 16−20 ejaculates/pool) to 

avoid the effects of individual differences among males. A total of 8 pools were used, each pool 

contained at least 10 mL of semen. The quality of the fresh semen was assessed in an aliquot taken 

from each pool as described below. Each pool was split into two subsamples, one aliquot was pre-

extended (1:1; v/v) with a Tselutin extender and the other one remained undiluted, each semen aliquot 

was subsequently cooled at 4°C for 25 min. 

After cooling, both semen subsamples (pre-diluted and undiluted) were divided into aliquots and 

diluted 1:1 (v:v) with the 13 freezing extenders respectively (Figure 1). Two final dilution rates were 
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obtained: 1:2 (1 mL semen + 1 mL extender), and 1:4 (1 mL semen + 3 mL of extender) and in total 

26 different combinations were achieved (Figure 1).  

Semen was aspirated into 0.25 mL plastic straws using a manual micro-aspirator (IMV-

Technologies), the straws were marked with an alphanumeric code (to define the dilution rate and 

NP-CPA concentrations) and five different colors of straws were used (to mark the different CPAs). 

In total, 832 straws were used [4 straws × 26 treatments (13 freezing extender × 2 dilution rate) × 8 

replicates]. Then, the straws were equilibrated at 4°C for 20 min. Semen was frozen by exposure to 

liquid nitrogen vapor 10 cm above the liquid nitrogen surface for 10 min (Iaffaldano et al., 2016a), 

after this period the straws were plunged into liquid nitrogen (-196°C) and were stored in a liquid 

nitrogen tank for at least three months before analysis. Sperm samples were thawed by immersing the 

straws in a water bath at 50°C for 10 seconds. 

 
 Table 1. Chemical composition of Tselutin extender 

Components mM 

Glucose 44.4 

Sodium glutamate 128.0 

Di-Potassium hydrogen phosphate 20.0 

Magnesium acetate 7.0 

Glycine 13.3 

Glutamic acid 7.68 

Inositol 11.1 
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Figure 1. Flow diagram showing the different combinations of the steps of the freezing process rendering 26 different 
cryopreservation treatments. DMSO: dimethylsulfoxide; S: sucrose; T: trehalose; F: Ficoll; LN2: liquid nitrogen. 
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2.6 Assessment of sperm quality 

In both the fresh and thawed semen samples, sperm motility, membrane integrity, functional integrity 

of the sperm membrane and DNA integrity were determined in duplicate. Sperm motility was 

evaluated by means of a computer-aided sperm analysis (CASA) system connected 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). Each semen sample of fresh or frozen semen 

was extended in 0.9% NaCl to reach a sperm concentration of 100 × 106/mL and incubated for 5 min 

at 38°C. Then, 5 µL of semen was placed on a microscope slide and observed under the microscope. 

The sperm motion parameters recorded were: motile spermatozoa (%), progressive motile 

spermatozoa (%), curvilinear velocity [VCL, (µm/s)], straight-line velocity [VSL, (µm/s)], average 

path velocity [VAP, (µm/s)], linearity [LIN, (%)] and straightness [STR, (%)]. At least 1000 sperm 

tracks in five microscopic fields for each sample were assessed at 100× total magnification. 

Membrane integrity of spermatozoa was determined using fluorescent stains SYBR-14 and 

propidium iodide (PI) as previously described (Iaffaldano et al., 2016a). This procedure was 

performed by mixing 5 µL of semen with 80 µL of Tselutin extender and 2 µL SYBR-14 (diluted 

1:100 in DMSO). The extended semen was then incubated at 38°C for 10 min, and 5 µL propidium 

iodide (diluted 1:100 in PBS) were added followed by incubation at 38°C for a further 5 min. Next, 

5 µL of this sample was deposited onto microscope slides and viable/non-viable spermatozoa were 

detected with a fluorescence microscopy (Leica Aristoplan; Leitz Wetzlar, Heidelberg, Germany; 

blue excitation filter λ = 488 nm; × 100 oil immersion objective; total magnification × 1000). SYBR-

14 is a membrane-permeable DNA stain for live spermatozoa producing bright green fluorescence of 

nuclei. Propidium iodide stains the nuclei of membrane-damaged cells red, so that spermatozoa 

showing green fluorescence are recorded as live and those fluorescing red as dead. After counting 

minimum 200 spermatozoa, percentages of viable spermatozoa were calculated at the ratio: green 

cells/(green cells + red cells) × 100. 

To determine the functional integrity of the sperm membrane, a hypo-osmotic swelling test (HOST) 

was used (Iaffaldano et al., 2011, 2016a). Aliquots of 5 µL of diluted semen were added to 80 µL of 

distilled H2O and then stained with SYBR and PI and counted as described above for sperm 

membrane integrity. This test is effective for assessing the percentage of viable spermatozoa that are 

capable of withstanding hypo-osmotic stress in vitro. Only SYBR-14 can penetrate osmotic-resistant 

sperm cells and these appear green on fluorescence microscopy. Conversely, damaged membranes 

permit the passage of PI, staining spermatozoa that have lost their functional integrity red. 

Sperm DNA integrity was evaluated using an acridine orange (AO) test as described by Gandini et 

al. (2006). We adapted this test following the procedure used for rabbit semen (Iaffaldano et al., 2014; 
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Di Iorio et al., 2018) with some minor adaptation. Specifically, 5 µL of fresh or thawed semen was 

extended with 100 µL of Tselutin extender. Then, 10 µL of this solution was smeared onto a 

microscope slide and fixed for at least 10 h in a 3:1 methanol: glacial acetic acid solution. Smears 

were then stained with an AO solution (0.2 mg/mL in water) in the dark at room temperature for 5 

min; subsequently, the mounted slide was examined using a fluorescence microscope with a 490 nm 

excitation light and 530 nm barrier filter, minimum 200 spermatozoa per slide were counted and 

scored as possessing green or yellow-orange-red fluorescence (intact DNA or damaged DNA, 

respectively), and the percentage of DNA integrity was calculated. 

 

2.7 Statistical analysis 

To compare the different treatments, we used a randomized block design in a two by four factorial 

arrangement (two dilution rate × four NP-CPA concentration), for each NP-CPA tested (sucrose, 

trehalose and Ficoll) with eight replicates per treatment. 

Sperm variables (CASA motility parameters, membrane integrity, osmotic resistance and DNA 

integrity) were compared among the treatments by ANOVA followed by Duncan’s comparison test. 

A generalized linear model procedure was then used to determine the fixed effects of dilution rate 

and NP-CPA concentration and their interactions on the sperm quality variables. Significance was set 

at p < 0.05. All statistical tests were performed using SPSS software (SPSS 15.0 for Windows, 2006; 

SPSS, Chicago, IL, USA). 

3. Results  

The semen parameters recorded in fresh semen are shown in Table 2, these data indicated its good 

initial quality. The post-thaw semen quality variables (motility parameters, membrane integrity, 

osmotic resistance and DNA integrity) recorded in the DMSO, sucrose, trehalose, and Ficoll groups 

are provided in Tables 3, 4, 5, and 6 respectively. No significant differences were observed for all 

sperm variables assessed in semen frozen in the presence of only DMSO considering the two dilution 

rates (Table 3).  

The sucrose concentration significantly affected all sperm parameters except LIN and STR whilst the 

effect of the dilution rate was significant only for STR and osmotic resistance. No significant 

interaction effect of concentration × dilution rate was observed (Table 4). 

Higher total motility, progressive sperm motility, VCL, VSL, and VAP were recorded in semen 

frozen using the combination of 50 mM of sucrose/dilution rate of 1:2, this resulted as significant in 

respect to 400 mM for both the dilution rate and the treatment 100 mM/1:2 for the total motility 

(Table 4). A significant effect of trehalose concentration was detected in all sperm variables except 
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for LIN, STR, and osmotic resistance. While the dilution rate was significant along the following 

parameters: total motility, VSL, VAP, LIN, STR, sperm membrane integrity, and DNA integrity. 

Better post-thaw semen quality was recorded using a dilution rate of 1:4 and 100 mM of trehalose, 

registering a significant difference in respect to 200 and 400 mM in both dilution rates for total 

motility, progressive motility and DNA integrity whilst for sperm membrane integrity a significant 

effect was found compared to the 400 mM/1:2 or 1:4 (Table 5). 

The fixed effects of NP-CPA concentration, dilution rate, and their interactions on sperm quality 

variables for the Ficoll freezing protocol are shown in Table 6. Significant effects of NP-CPA 

concentration were detected on total and progressive motility, VSL, membrane integrity and DNA 

integrity, the effect of dilution rate resulted significant only for LIN, STR and membrane integrity. A 

significant effect of the interaction NP-CPA concentration × dilution rate was produced for the total 

and progressive motility. 

The higher total motility values (p < 0.05) were recorded for the combination treatment 1 mM of 

Ficoll and dilution rate 1:4, the differences were not significant with the treatments 0.75 mM/1:2 or 

1:4. Higher progressive motility percentages (p < 0.05) were observed also for the treatment 1 mM 

Ficoll/1:4 with no significant differences with respect to 0.5, 0.75 and 1 mM/1:2. Moreover, 

membrane integrity, VSL and LIN parameters were significantly higher in the treatment 1 mM 

Ficoll/1:4 compared to all other treatments, except for membrane integrity with treatment 0.75 

mM/1:4. 

However, in Figure 2, we compared the semen quality parameters of the fresh semen and those from 

the best freezing protocol identified for each CPA tested.  All the sperm quality parameters 

significantly decreased after the freezing-thawing process. Moreover, a significant effect of the CPA 

type was reported. The highest values of total and progressive motility, VSL, VAP, LIN, STR, 

membrane integrity and osmotic resistance (p < 0.05) were recorded using the cryodiluent containing 

1 mM of Ficoll. 
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Table 2. Sperm quality parameters (mean ± S.E.M.) measured in freshly collected turkey semen (N=8) 

MOT: total motility; MOT PROG: progressive motility; VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average path velocity; LIN: linearity; STR: 
straightness 

 

 

 
 

Table 3. Sperm quality parameters (mean ± S.E.M.) recorded in turkey semen frozen in the presence of DMSO according to two dilution rates (N=8) 

MOT: total motility; MOT PROG: progressive motility; VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average path velocity; LIN: linearity; STR: 
straightness	  

MOT. 
% 

MOT. 
PROG. % 

VCL  
(µm/s) 

VSL  
(µm/s) 

VAP  
(µm/s) 

LIN  
(%) 

STR  
(%) 

Membrane 
integrity  

(%) 

Osmotic 
resistance 

(%) 

DNA 
integrity 

(%) 

Sperm 
concentration 

× 109 

80.1 ± 1.6 24.3 ± 3.4 59.7 ± 4.1 27.3 ± 2.2 40.3 ± 2.7 35.7 ± 1.9 59.2 ± 2.8 83.8 ± 1.3 67.5 ± 1.5 98.7 ± 0.2 8.9 ± 0.4 

Semen treatment Sperm parameters 

 Dilution 
rate 

MOT. 
% 

MOT. 
PROG. % 

VCL  
(µm/s) 

VSL  
(µm/s) 

VAP  
(µm/s) 

LIN  
(%) 

STR  
(%) 

Membrane 
integrity  

(%) 

Osmotic 
resistance  

(%) 

DNA 
integrity 

(%) 
DMSO 1:2 25.4 ± 1.0 1.8 ± 0.2 31.4 ± 0.8 7.1 ± 0.5 14.1 ± 0.5 21.1 ± 1.1 41.8 ± 0.8 34.8 ± 0.8 19.1 ± 1.4 96.8 ± 0.3 

DMSO 1:4 26.0 ± 1.1 1.9 ± 0.3 29.8 ± 1.0 7.3 ± 0.5 13.8 ± 0.7 24.0 ± 1.8 45.0 ± 1.4 36.1 ± 0.8 19.7 ± 1.1 97.1 ± 0.3 
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Table 4. Sperm quality parameters (mean ± S.E.M.) measured in turkey semen frozen in the presence of sucrose according to the different concentrations and two dilution 
rates (N=8) 

a-eValues within a column reporting different superscript letter differ significantly at p < 0.05. MOT: total motility; MOT PROG: progressive motility; VCL: curvilinear velocity; VSL: 
straight-line velocity; VAP: average path velocity; LIN: linearity; STR: straightness	  

Semen treatment Sperm parameters 

NP-CPA 
Concentration 

Dilution 
rate 

MOT. 
% 

MOT. 
PROG. % 

VCL  
(µm/s) 

VSL  
(µm/s) 

VAP  
(µm/s) 

LIN  
(%) 

STR  
(%) 

Membrane 
integrity  

(%) 

Osmotic 
resistance  

(%) 

DNA 
integrity 

(%) 
  50 mM 1:2 24.2 ± 1.7a 1.8 ± 0.3a 30.1 ± 1.5a 7.7 ± 0.7a 14.3 ± 1.1a 23.5 ± 1.6abc 46.3 ± 1.0b-e 31.0 ± 1.3ab 18.1 ± 1.8abc 97.0 ± 0.3ab 

100 mM 1:2 19.6 ± 1.9b 1.3 ± 0.4ab 28.3 ± 2.8a 5.8 ± 0.7ab 12.0 ± 1.0ab 18.6 ± 1.5c 41.9 ± 1.5e 31.2 ± 1.4ab 17.5 ± 1.7abc 96.5 ± 0.2bc 

200 mM 1:2 22.1 ± 1.7ab 1.2 ± 0.3ab 28.3 ± 2.1a 6.8 ± 0.9a 12.4 ± 1.1ab 24.0 ± 2.1abc 46.1± 1.3c-e 29.2 ± 2.0b 17.0 ± 1.3abc 96.0 ± 0.3cd 

400 mM 1:2 13.0 ± 0.4c 0.7 ± 0.2c 21.2 ± 1.3b 4.5 ± 0.4b   8.2 ± 0.4c 20.6 ± 2.0bc 47.4 ± 1.4a 22.3 ± 1.4d 14.7 ± 0.9c 95.5 ± 0.2d 

  50 mM 1:4 20.8 ± 1.0ab 1.3 ± 0.2ab 27.6 ± 1.3a 6.6 ± 0.4ab 13.2 ± 0.8a 24.7 ± 2.0abc 44.2 ± 1.0c-e 28.5 ± 2.1bc 19.2 ± 1.3ab 96.9 ± 0.3ab 

100 mM 1:4 22.9 ± 1.1ab 1.6 ± 0.3a 28.5 ± 1.6a 7.3 ± 0.8a 13.6 ± 1.1a 27.0 ± 2.9ab 46.7 ± 2.2ab 34.7 ± 1.2a 20.7 ± 1.8a 97.3 ± 0.2a 

200 mM 1:4 20.5 ± 1.2ab 1.4 ± 0.1ab 27.4 ± 1.5a 7.6 ± 0.5a 13.3 ± 0.8a 29.9 ± 1.5a 48.5 ± 1.1a 31.3 ± 0.8ab 19.8 ± 0.8ab 96.5 ± 0.2bc 

400 mM 1:4 15.8 ± 1.0c 0.6 ± 0.2c 21.5 ± 1.0b 6.2 ± 1.0ab 10.2 ± 1.1bc 24.3 ± 4.2abc 47.6 ± 2.5a 24.8 ± 1.3cd 16.2 ± 0.5bc 96.5 ± 0.1bc 

Concentration effect p = 0.000 p = 0.002 p = 0.000 p = 0.035 p = 0.000 p = 0.258 p = 0.146 p = 0.000 p = 0.034 p = 0.000 

Dilution rate effect p = 0.755 p = 0.941 p = 0.498 p = 0.215 p = 0.156 p = 0.258 p = 0.009 p = 0.187 p = 0.027 p = 0.080 

Concentration × dilution p = 0.129 p = 0.463 p = 0.787 p = 0.363 p = 0.212 p = 0.182 p = 0.524 p = 0.201 p = 0.848 p = 0.053 
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Table 5. Sperm quality parameters (mean ± S.E.M.) outcomes in turkey semen frozen with trehalose considering different concentrations and two dilution rates (N=8) 

a-dValues within a column reporting different superscript letter differ significantly at p < 0.05. MOT: total motility; MOT PROG: progressive motility; VCL: curvilinear velocity; VSL: 
straight-line velocity; VAP: average path velocity; LIN: linearity; STR: straightness  

Semen treatment Sperm parameters 

NP-CPA 
Concentration 

Dilution 
rate 

MOT. 
% 

MOT. 
PROG. % 

VCL  
(µm/s) 

VSL  
(µm/s) 

VAP  
(µm/s) 

LIN  
(%) 

STR  
(%) 

Membrane 
integrity  

(%) 

Osmotic 
resistance  

(%) 

DNA 
integrity 

(%) 
  50 mM 1:2 21.1 ± 2.2ab 1.6 ± 0.5ab 29.4 ± 2.5a 6.8 ± 0.9abc 13.2 ± 1.6ab 20.9 ± 2.0ab 44.3 ± 1.1ab 29.2 ± 1.7ab 16.8 ± 1.4a 96.8 ± 0.2ab 

100 mM 1:2 18.7 ± 1.7bc 1.5 ± 0.3ab 27.9 ± 2.4a 5.4 ± 0.9ab 10.9 ± 1.5abc 18.1 ± 1.6b 42.2 ± 0.9ab 30.6 ± 1.9a 18.5 ± 1.4a 96.9 ± 0.1ab 

200 mM 1:2 16.7 ± 1.6cd 0.9 ± 0.1bc 23.7 ± 1.2a 4.9 ± 0.6a   9.8 ± 0.9bc 17.7 ± 2.0b 40.9 ± 1.7b 27.5 ± 1.8ab 16.9 ± 1.9a 95.9 ± 0.3c 

400 mM 1:2 13.3 ± 0.9d 0.5 ± 0.1c 20.0 ± 1.5b 4.3 ± 0.7b   8.1 ± 1.1c 18.1 ± 2.4b 45.6 ± 1.7ab 21.9 ± 1.8c 17.1 ± 1.3a 95.1 ± 0.5d 

  50 mM 1:4 21.6 ± 1.2ab 1.5 ± 0.2ab 29.2 ± 1.8a 7.6 ± 0.7ab 13.7 ± 1.1a 26.0 ± 2.9a 46.3 ± 2.1ab 31.9 ± 1.1a 19.1 ± 1.3a 96.9 ± 0.2ab 

100 mM 1:4 23.5 ± 1.1a 1.7 ± 0.3a 28.0 ± 1.9a 8.0 ± 1.0a 14.0 ± 1.4a 28.2 ± 1.5a 47.1 ± 0.8a 32.0 ± 1.4a 19.9 ± 0.6a 97.1 ± 0.2a 

200 mM 1:4 18.6 ± 0.9bc 1.0 ± 0.2bc 25.4 ± 1.6a 6.7 ± 0.7abc 11.8 ± 0.8abc 27.0 ± 3.0a 47.1 ± 2.4a 30.9 ± 1.5a 19.1 ± 0.9a 96.6 ± 0.2abc 

400 mM 1:4 14.2 ± 0.9d 0.5 ± 0.1c 24.9 ± 1.2b 5.6 ± 0.6abc 11.0 ± 1.1abc 22.9 ± 2.7ab 45.9 ± 1.9ab 25.2 ± 1.3bc 17.6 ± 1.4a 96.1 ± 0.2bc 

Concentration effect p = 0.000 p = 0.000 p = 0.002 p = 0.039 p = 0.013 p = 0.417 p = 0.613 p = 0.000 p = 0.573 p = 0.000 

Dilution rate effect p = 0.037 p = 0.999 p = 0.212 p = 0.006 p = 0.017 p = 0.000 p = 0.008 p = 0.017 p = 0.090 p = 0.009 

Concentration × dilution p = 0.366 p = 0.796 p = 0.473 p = 0.720 p = 0.711 p = 0.824 p = 0.375 p = 0.899 p = 0.894 p = 0.336 
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Table 6. Sperm quality variables (mean ± S.E.M.) obtained in turkey semen frozen in the presence of Ficoll considering different concentrations and two dilution rates (N=8) 

a–eValues within a column reporting different superscript letter differ significantly at p < 0.05. MOT: total motility; MOT PROG: progressive motility; VCL: curvilinear velocity; VSL: 
straight-line velocity; VAP: average path velocity; LIN: linearity; STR: straightness  

Semen treatment Sperm parameters 

NP-CPA 
Concentration 

Dilution 
rate 

MOT. 
% 

MOT. 
PROG. % 

VCL  
(µm/s) 

VSL  
(µm/s) 

VAP  
(µm/s) 

LIN  
(%) 

STR  
(%) 

Membrane 
integrity  

(%) 

Osmotic 
resistance  

(%) 

DNA 
integrity 

(%) 
0.5   mM 1:2 26.9 ± 1.1bcd 2.8 ± 0.3abc 33.3 ± 1.3ab 8.5 ± 0.5b 15.8 ± 0.7abc 24.0 ± 1.1b 45.3 ± 0.9c 34.1 ± 1.5c 19.1 ± 2.0a 97.4 ± 0.3bc 

0.75 mM 1:2 30.7 ± 2.2ab 3.0 ± 0.4ab 34.0 ± 1.3a 8.5 ± 0.4b 16.3 ± 0.8abc 24.2 ± 0.9b 44.7 ± 0.7c 37.1 ± 1.8bc 22.4 ± 2.4a 97.8 ± 0.2ab 

1      mM 1:2 29.0 ± 1.6bc 2.7 ± 0.3abc 33.0 ± 1.3ab 8.9 ± 0.6b 16.2 ± 0.9abc 24.3 ± 1.6b 45.4 ± 0.9c 36.0 ± 1.7bc 21.4 ± 1.9a 97.5 ± 0.2abc 

1.5   mM 1:2 23.5 ± 1.7de 1.9 ± 0.3cd 30.0 ± 1.9ab 8.0 ± 0.9b 14.4 ± 1.3bc 24.2 ± 1.9b 46.5 ± 1.3bc 36.0 ± 1.0bc 19.8 ± 1.5a 96.7 ± 0.1d 

0.5   mM 1:4 25.1 ± 0.8cde 1.8 ± 0.3d 29.3 ± 1.4b 7.7 ± 0.2b 13.7 ± 0.4c 28.5 ± 1.3b 49.5 ± 0.9ab 37.1 ± 1.2bc 23.1 ± 1.7a 97.1 ± 0.1cd 

0.75 mM 1:4 30.8 ± 0.6ab 2.4 ± 0.2bcd 32.8 ± 0.6ab 8.8 ± 0.1b 17.5 ± 1.6ab 26.9 ± 0.8b 48.0 ± 0.9abc 40.5 ± 0.9ab 23.9 ± 1.9a 97.8 ± 0.2ab 

1      mM 1:4 32.6 ± 0.3a 3.5 ± 0.2a 33.9 ± 0.8a 11.0 ± 0.6a 18.5 ± 0.4a 34.1 ± 2.3a 51.6 ± 1.8a 42.5 ± 1.2a 24.4 ± 1.8a 97.9 ± 0.1a 

1.5   mM 1:4 22.1 ± 1.4e 1.6 ± 0.1d 31.2 ± 1.2ab 7.8 ± 0.9b 15.5 ± 1.8abc 27.0 ± 2.6b 48.3 ± 1.8abc 35.7 ± 1.9c 22.3 ± 1.5a 96.6 ± 0.1d 

Concentration effect p = 0.000 p = 0.000 p = 0.059 p = 0.005 p = 0.052 p = 0.123 p = 0.431 p = 0.024 p = 0.534 p = 0.000 

Dilution rate effect p = 0.510 p = 0.198 p = 0.378 p = 0.435 p = 0.453 p = 0.000 p = 0.000 p = 0.004 p = 0.073 p = 0.735 

Concentration × dilution p = 0.034 p = 0.013 p = 0.162 p = 0.276 p = 0.099 p = 0.152 p = 0.391 p = 0.158 p = 0.931 p = 0.112 
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Figure 2. Comparison of semen quality measured in fresh and frozen/thawed semen considering the best freezing protocol identified for each CPA tested (N=8) 

 
a-dDifferent superscripts letters within each semen parameter indicate a significant difference (p < 0.05). Motility (%); Progressive motility (%); VCL: curvilinear 
velocity (µm/s); VSL: straight-line velocity (µm/s); VAP: average path velocity (µm/s); LIN: linearity (%); STR: straightness (%); Membrane integrity (%); Osmotic 
resistance (%); DNA integrity (%)
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4. Discussion 

Obtaining an effective turkey semen cryopreservation protocol is an important goal, because sperm 

cryopreservation is the most adapt technology to develop ex situ in vitro conservation programs of 

avian genetic resources (Blesbois, 2011; Ehling et al., 2012; Kowalczyk and Łukaszewicz, 2015). So 

far, the semen cryopreservation in avian species is the only technology available to set up ex situ 

conservation programs because of the characteristics of the megalecithal egg (Long, 2006, Blesbois, 

2007, 2011; Ehling et al., 2012).  

Here the identification of a reference turkey semen cryopreservation protocol represents a milestone 

of our financed project and provides an important contribution for the creation of the first semen 

cryobank of autochthonous turkey breeds.  

From the results obtained, it emerged that among the 26 treatments tested the combination of Ficoll 

1 mM and the dilution rate 1:4 resulted as the best freezing protocol for in vitro survivability of turkey 

spermatozoa. This freezing protocol returned as recovery rates (value in frozen semen/value in fresh 

semen × 100) of 40.7% for total sperm motility, 14.4% for progressive motility, 50.7% for membrane 

integrity, 36.1% for osmotic resistance and 99.2% for DNA integrity. 

Our in vitro results clearly revealed that the dilution rate significantly affected the post-thaw quality 

of turkey semen in a different way for each NP-CPA tested. The dilution rate of 1:4 was found to be 

more effective than the 1:2 ratio independently by the type and concentration of NP-CPA used. 

However, a foremost effect of 1:4 dilution rate was found in the treatment with trehalose for almost 

all of the parameters assessed. Concordantly with Iaffaldano et al. (2011) the positive effect of the 

higher dilution rate (1:4) in respect to that of 1:2 is probably due to the different number of 

spermatozoa per mL of seminal plasma and/or freezing extender. This could be attributed to a 

different amount of DMSO per sperm cell or to the lower content of seminal plasma in the total 

volume of sperm sample. In this regard, previous researches showed that the seminal plasma seems 

to negatively affect turkey spermatozoa during both liquid storage and cryopreservation (Iaffaldano 

and Meluzzi, 2003; Iaffaldano et al., 2011; Douard et al., 2005). In effect, improved fertility rates 

have been obtained by removing the seminal plasma from turkey spermatozoa before freezing, as 

reviewed by Blesbois (2007). This finding suggests that in order to further improve the 

cryopreservation protocol in turkey semen, it would be necessary to standardize the optimal sperm 

concentration before the addition of CPAs. This will be our next goal. 

Another point that emerged in this research was that the concentration of sucrose, trehalose and Ficoll 

used here significantly influenced the most post thawing parameters; 100 mM of trehalose and 50 

mM of sucrose worked better than the others concentration tested (200 and 400 mM) and finally 1 
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mM of Ficoll cryoprotected better in respect to the other concentrations studied. This is consistent 

with that reported in the literature, in fact, the beneficial effect of sugar as NP-CPAs depends on their 

concentration (Swain and Smith, 2010; El-Sheshtawy et al., 2015). 

Unexpectedly, the addition of trehalose and sucrose, at all concentration used, did not improve the 

sperm cryosurvival compared to DMSO alone. In fact, combined treatments such as sucrose 50 

mM/1:2 and trehalose 100 mM/1:4 showed similar post-thaw quality with semen frozen in the 

presence of only DMSO, instead the concentrations of 200 mM and 400 mM of both sucrose and 

trehalose caused an even more drastic reduction of post-thawing sperm quality.  

The harmful effect of higher concentrations (200 and 400 mM) of sucrose and trehalose could be due 

to the increased osmolarity of the extender that generates aggressive dehydration. Hence, this is 

caused by great and unneeded osmotic effect due to high external cryoprotectant concentration, which 

results in being deleterious to the sperm membranes as Thananurak et al. (2019) also reported. Avian 

sperm contains a relatively low amount of intracellular water compared to mammalian spermatozoa, 

therefore, it is not necessary to induce a high level of dehydration during the freezing process, and 

thus high concentrations of NP-CAPs are not needed (Thananurak et al., 2019). 

Ours results on the use of sucrose or trehalose are in discordance with those reported in the literature 

(Mosca et al., 2016). This could be related to the fact that different avian species and freezing 

protocols (concentrations of NP-CPA and P-CPA dissimilar) were used. Here, the rationale to test 

different concentrations of NP-CPAs was driven only by scarce information about the combination 

between DMSO and trehalose or sucrose and also for the absence of knowledge on the use of Ficoll 

in addition to DMSO. 

The NP-CAPs used at similar concentration to the P-CPAs are less toxic and they explicate various 

protective actions, such as lowering the freezing temperature of the medium reducing ice crystal 

growth and helping the sperm to stabilize the internal solute concentrations under osmotic stress 

(Aisen et al., 2002; Blanco et al., 2011; Iaffaldano, et al., 2104, 2016a; Mosca et al., 2016).  In this 

regard, different external CPAs have already been tested in combination with P-CPAs to improve 

sperm cryosurvival in various mammalian (Woelders et al., 1997; Aboagla and Terada, 2003; 

Yamashiro et al., 2007; Gutiérrez-Pérez et al., 2009; Iaffaldano et al., 2014) and avian species (Blanco 

et al., 2011; Mosca et al., 2016; Miranda et al., 2018). Specifically, in avian species, different sugars, 

mainly disaccharides (Blanco et al., 2011; Mosca et al., 2016; Miranda et al., 2018; Brown et al., 

2018) and also trisaccharides (Thélie et al., 2019) have been used as NP-CPAs in combination with 

the P-CPA. Besides sugars, other substances have also been used as NP-CPAs, such as betaine 

hydrochloride in turkey (Blanco et al., 2011); PVP (Blesbois et al., 2007; Rakha et al., 2017; Thélie 

et al., 2019), glycine and Ficoll in chicken (Miranda et al., 2018).  
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In this study, among the NP-CPAs tested only the addition of Ficoll 1 mM significantly improved the 

post-thaw semen quality compared to DMSO alone. Moreover, the Ficoll 1 mM also returned 

significantly higher post-thaw semen quality than all treatments with trehalose, sucrose and DMSO 

alone. This finding is consistent with previous ones carried out in rabbit (Kuliková et al., 2015) and 

in chicken (Miranda et al., 2018), that reported beneficial effects of Ficoll compared to other NP-

CPAs. 

Ficoll 70 is a macromolecule, it shows up as a highly compact spherical polysucrose (Mao et al., 

2018), which acts as an NP-CPA thanks to its ability to affect the viscosity of the cryopreservation 

solution and to preserve the cells during freezing/thawing (Dumoulin et al., 1994; Shaw et al., 1997; 

Kuleshowa et al., 2001). Ficoll 70 has been previously used successfully for cryopreservation of 

different cells type such as rabbit morula and blastocyst stage embryos (Kasai et al., 1992; Papis et 

al., 2005; Makarevich et al., 2008a), human and mouse zonae pellucidae and embryos (Dumoulin et 

al., 1994), equine embryo (Lagares et al., 2009) and recently also for sperm cells (Kuliková et al., 

2015; Miranda et al., 2018). 

The effectiveness of Ficoll as external CPA could be attributed mainly to its ability to affect the 

solution viscosity, guaranteeing thus a greater stability of the sperm plasma membrane, reducing 

mechanical deformations. In accordance with other authors, Ficoll leads to an adequate cellular 

dehydration, which is reflected in a reduction of ice crystal growth therefore resulting in a better 

ability of sperm cells to survive during the cryopreservation process (Kuliková et al., 2015; Miranda 

et al., 2018). Moreover, recently it has been shown that Ficoll 70 is efficient in minimizing the 

recrystallization process during the storage and warming of cells at non-cryogenic temperatures 

(−10°C to −80°C range) by preventing the water molecules from approaching the ice nuclei, and 

simultaneously lowering the activities of the water molecules (Mao et al., 2018). Therefore, this 

biophysical mechanism could even occur at cryogenic temperatures of −196°C. 

In addition, in accordance with Gloria et al. (2019) we assume that the smaller molecules such as 

sucrose and trehalose could enter the intra-cytoplasmic compartment of spermatozoa, interfering with 

sperm metabolism or structural integrity, while larger molecules such as Ficoll (70,000 MW) would 

not be transported into this compartment. 

5. Conclusions 

In conclusion our findings indicated that the turkey semen cryosurvival depends on the kind of NP-

CPA used and its concentration. 

The procurement of an effective semen cryopreservation protocol provides an important base for the 

implementation of the first national avian genetic resources semen cryobank in the TuBAvI project. 
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Further studies are planned in order to find the optimal sperm concentration/straw so the 

cryopreservation protocol can be standardized better and also an evaluation of reproductive 

performances is needed to corroborate the efficacy of the frozen semen protocol. 

These next challenges aiming to find an efficient, standardized freezing protocol for turkey semen 

could also improve the current prospects for the commercial use of frozen semen for the turkey 

breeding industry based entirely upon AI for fertile egg production. 
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Simple Summary: Achieving of an effective freezing protocol, that is able to preserve the fertilizing 
ability of turkey semen, is a key aim for the establishment of the first national semen cryobank of 
autochthonous chicken and turkey breeds within our national project (Tutela della biodiversità nelle 
razze avicole italiane - TuBAvI). In this regard, we have performed different studies in order to 
define the best conditions for cryopreservation of turkey semen; namely, we identified an effective 
freezing protocol which is based on the use of dimethylsulfoxide as a permeant cryoprotectant 
(CPA) combined with Ficoll as a non-permeant CPA. Here, our purpose was to test this protocol in 
vivo, by evaluating the effect of two extenders and three inseminating doses. The good fertility and 
hatching rates achieved here are promising for future studies, in which our cryopreservation protocol 
will be tested on Italian autochthonous turkey breeds and also to the advantages offered by the 
extensive use of frozen semen in the turkey breeding industry. 

Abstract: This study was designed to test the fertilizing ability of cryopreserved turkey semen, and 
here, two experiments were performed: an in vitro analysis to assess the effects of Tselutin and Lake 
diluents and an in vivo test to determine the fertility and hatching rates by also studying the feat of 
three insemination doses (250, 400 and 600 × 106 sperm/hen). Pooled semen samples were diluted 
with Tselutin or Lake extender which contained 20% of dimethylsulfoxide and 1 mM of Ficoll at 
final sperm concentration of 3 × 109 sperm/mL. Thereafter, semen was packaged into straws and 
frozen on liquid nitrogen. The post-thaw sperm quality was evaluated considering motility 
(computer-aided sperm analysis-CASA system) and membrane integrity (flow cytometry). 
Significantly higher values of progressive motility and some kinetic parameters in semen frozen 
with Lake were found. When we compared the extenders in vivo, no significant effects were 
detected, whilst sperm concentration significantly affected both fertility and hatching rates, with the 
best results obtained with the sperm concentration of 400 × 106 sperm/hen. From the results 
obtained, it emerged that the extender type only affected sperm motility characteristics, not the 
fertilizing ability of frozen-thawed semen, while inseminating dose markedly affected fertility and 
hatching rates. 

Keywords: turkey semen; extender; inseminating dose; fertility; hatching rate 
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1. Introduction 

The semen cryopreservation in avian species is the safest and most reliable strategy for the in vitro 

conservation of genetic resources and safeguarding of rare breeds (Blesbois, 2011; Ehling et al., 2012; 

Chuaychu-noo et al., 2017; Thélie et al., 2019). The development of an effective semen freezing 

protocol in avian species represents one of the most important challenges for the conservation of 

genetic variability, through the implementation of a semen cryobank (Blesbois, 2011; Ehling et al., 

2012; Thélie et al., 2019; Long, 2006; Long et al., 2014; Iaffaldano et al., 2016a,b). 

In this regard, thanks to the financed project “Tutela della biodiversità nelle razze avicole italiane—

TuBAvI” by the Ministry of Agricultural, Food and Forestry Policies (MiPAAF), some Italian 

research groups are engaged in the identification of an effective semen freezing protocol for avian 

species (Gallus gallus and Meleagris gallopavo) in order to create the first semen cryobank of 

autochthonous chicken and turkey breeds in Italy. 

In Meleagris gallopavo, semen cryopreservation, beyond guaranteeing the conservation of genetic 

resources in a gene bank, could have important practical advantages for artificial insemination (AI) 

in intensive breeding. In this regard, the mating of turkeys on commercial farms is completely 

dependent on AI to obtain fertile eggs, because their oversized and heavy breasts of males make it 

impossible to mate naturally. 

The cryopreservation process causes numerous negative effects including damages to cell membranes 

(plasma and mitochondrial) and, in some cases, to the nucleus, and that has devastating consequences 

for sperm survival and function (Iaffaldano et al., 2016a). It is widely recognized that the ability of 

avian spermatozoa to survive and remain functional in sperm storage tubules is significantly 

compromised after the freezing/thawing process (Long, 2006; Long et al., 2014; Donoghue, et al., 

Blesbois et al., 2008). This has an inevitable negative impact on the fertilizing capacity when 

cryopreserved sperm is used (Blanco et al., 2000, 2008; Blesbois, 2007; Iaffaldano et al., 2016a,b). 

Thus, the conservation of the sperm structure and its functionality strictly depends on the 

cryopreservation protocol used (Iaffaldano et al., 2016b). 

During the last few decades, several studies have been conducted to find an effective freezing 

procedure for turkey semen, in which different variables involved in sperm cryosurvivability were 

taken into consideration: extender, dilution rate, cryoprotectant (CPA), freezing conditions, 

packaging system and warming procedure (Massip et al., 2004; Blanco et al., 2008, 2011, 2012; Long 

et al., 2014; Iaffaldano et al., 2011, 2016a). According to the literature, a wide variability of results 

of both the frozen turkey semen quality (motility ranging from 10–60% and the viability ranging from 

15–84%; Blesbois et al., 2005; Cerolini et al., 2009; Iaffaldano et al., 2009, 2011, 2016a; Blanco et 



 

166 
 

al., 2011, 2012; Słowińska et al., 2012; Long et al., 2014) and its fertilizing capacity (ranging from 

0–84%; Tselutin et al., 1995; Labbé et al., 2003; Long et al., 2014) were reported. 

In the last few years, we have identified in vitro as an effective freezing protocol which is based on 

the use of dimethylsulfoxide (DMSO) as a permeant cryoprotectant (P-CPA) combined with Ficoll 

as a non-permeant cryoprotectant (NP-CPA) (Iaffaldano et al., 2016a; Di Iorio et al., 2020), with a 

final sperm concentration of 3 × 109 sperm/mL. 

However, despite our efforts and encouraging results obtained so far, we still aim to obtain a freezing 

procedure with a fertilization rate as similar as possible to that of fresh semen. 

Some of the parameters that we have not yet evaluated in the freezing protocol are the assessment of 

other based extenders and the appropriate insemination dose that will allow us to write up national 

semen cryobank guidelines. In addition, these findings could improve the current prospects for the 

commercial use of frozen turkey semen. 

Thus, we are going to compare our standard extender (Tselutin) to the Lake extender on in vitro and 

in vivo cryosurvival of turkey semen. Recently, the Lake extender has been used successfully for 

cryopreservation of chicken spermatozoa (Mosca et al., 2016; Thélie et al., 2019) with excellent 

results in vivo (Thélie et al., 2019). In such context, the goal of this paper was to compare the effects 

of Tselutin vs. Lake: (1) in vitro, by assessing the post-thawed sperm motility and viability, and (2) 

in vivo, by evaluating the fertilizing ability of cryopreserved semen also using three inseminating 

doses. 

2. Materials and methods 

2.1. Chemicals 

All chemicals used were of the highest commercially available purity. Unless stated otherwise, all of 

the chemicals were purchased from Sigma, Chemical Co. (Milan, Italy). 

2.2. Animals  

The animals used during this study were Hybrid Large White line British United Turkeys (B.U.T.). 

Forty turkey males and 126 turkey hens that were supplied by Agricola Santo Stefano (Amadori 

Group, TE, Italy). Turkeys were reared in a poultry house with a controlled environment that had 

artificial lighting (14 h light-10 h dark cycle) and all animals were given free access to a standard 

commercial feed and water.  

The experiments were carried out in accordance with the Code of Ethics of the EU Directive 

2010/63/EU for animal experiments. The approval request number was 2020-UNMLCLE-20232. 

However, all procedures reported in this work and that contribute to the care and use, including the 

semen collection of Hybrid Large White turkey male (Aviagen turkey, 31186 Midland Trail, East 
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Lewisburg, WV 24901, USA), were performed at a commercial Amadori breeding center that 

complies with the ethical standards of the Aviagen guides. No animal was anaesthetized, mistreated 

or sacrificed during this study. Semen samples were routinely collected as part of the standard 

management procedure for male turkey breeders at the breeding farm. 

 

2.3. Experiment 1. Effects of Lake and Tselutin extender on in vitro post-thaw quality of turkey semen 

2.3.1. Semen collection and processing  

This experiment was conducted during the period of May-July 2019, the toms were 32-week-old at 

the beginning of the experiment. This period overlapped with the height of the reproductive period 

of the toms (32nd − 44th week) which made it the best period to obtain semen with good quality 

(Iaffaldano et al., 2008, 2018).  

Semen was obtained from toms through abdominal massage and pooled (1 ejaculate/male; 5 

ejaculates/pool). Six pools were used, and the quality of each pool was evaluated immediately after 

collection as described below (see sperm quality). Subsequently, each pool was divided into two 

equal aliquots, diluted with Tselutin or Lake (Table 1) extender in order to obtain a sperm 

concentration of 6 × 109 spermatozoa/mL which was cooled at 4°C for 25 min. Thereafter, the pre-

extended semen was further diluted (1:1; v/v) with the freezing medium composed of Lake or Tselutin 

extender both containing 20% of dimethylsulfoxide (DMSO) as P-CPA and 1 mM of Ficoll 70 as 

NP-CPA (Di Iorio et al., 2020) to reach a final sperm concentration of 3 × 109 spermatozoa/mL. The 

diluted semen was loaded into 0.25-mL straws through the aid of manual micro-aspirator (IMV-

Technologies, Piacenza, Italy) and then equilibrated at 4°C for 20 min. Straws were frozen and 

thawed in accordance to our previous studies (Iaffaldano et al., 2106a; Di Iorio et al., 2020). 

 

2.3.2. Sperm quality 

Sperm motility characteristics and viability were both assessed in duplicate in fresh and thawed semen 

samples. Sperm motility was estimated using a computer-aided sperm analysis system coupled with 

a phase contrast microscope (Nikon Eclipse model 50i; negative contrast) using Sperm Class 

Analyzer (SCA) software (version 4.0, Microptic S.L., Barcelona, Spain). The samples were diluted 

to 0.9% NaCl to reach a final sperm concentration of 100 × 106/mL. After an incubation of 5 min at 

38°C, a semen aliquot (5 µL) was allocated onto a microscope slide and observed under the 

microscope at 100× total magnification. The following parameters were recorded: total motility (%), 

progressive motility (%), curvilinear velocity [VCL, (µm/s)], straight-line velocity [VSL, (µm/s)], 

average path velocity [VAP, (µm/s)], linearity [LIN, (%)] and straightness [STR, (%)]. At least 500 

sperm for each sample were observed. 
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Table 1. Chemical composition of Tselutin and Lake extender 

Components Tselutin (mM) LAKE (mM) 

Glucose  44.4 - 

Fructose - 44.4 

Sodium glutamate 128.0 102.6 

Di-Potassium hydrogen phosphate 20.0 - 

Potassium acetate - 50.9 

Magnesium acetate 7.0 4.91 

Glycine 13.3 - 

Glutamic acid 7.68 - 

Inositol 11.1 - 

Polyvinylpyrrolidone - 0.3 

pH 6.65 7.00 

 

Sperm viability was measured using the Muse® Cell Analyzer (Luminex corporation, 12212 

Technology Blvd Suite 130, Austin, TX 78727, United States) following the manufacturer’s protocol. 

Semen samples were diluted in Phosphate buffered saline (PBS) so that a concentration ranging from 

1×105 to 1×107 spermatozoa/mL could be reached. Subsequently, 20 µL of this suspension was mixed 

with 780 µL (dilution factor 1:40) of a Muse Count and Viability Kit® in an Eppendorf tube (Luminex 

corporation) and incubated for 5 min at room temperature. Subsequently, the Eppendorf were 

analyzed with the 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 

with 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 allow 

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). 

 

2.4. Experiment 2. Effect of extender and inseminating dose on the reproductive performance of 

turkey hens  

In this experiment, we tested the fertilizing ability of three sperm concentrations per insemination 

dose in the presence of Lake or Tselutin diluent. The 126 turkey hens were divided into seven 

treatment groups (18 hens in each group) and inseminated with the volume and sperm concentration 

as reported in Table 2. The hens of each control group were inseminated with fresh semen abiding 
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the standard procedures of the breeding which had the dilution 1:10 with a commercial extender and 

inseminating dose per hen of 50 µL. 

 
Table 2. Experimental groups of turkey hens used in the artificial insemination trial 

 
Group Hens Number Extender Semen Volume 

µL 

Sperm concentration 

× 106 

Fresh 1 18  50 250 

Frozen 2 18 Lake 200 600 

 3 18 Tselutin 200 600 

 4 18 Lake 135 400 

 5 18 Tselutin 135 400 

 6 18 Lake 85 250 

 7 18 Tselutin 85 250 

 

In particular, over the period of 2 weeks, two intravaginal artificial inseminations were performed 

one on 23 August and another on 30 August using fresh or frozen-thawed semen respectively. At the 

moment of insemination, the cryopreserved semen was thawed at 50°C for 10 s. Egg collection began 

after the second insemination and went on for 8 days, for each group 102 ± 11 eggs were gathered.  

The eggs were incubated at 37.8°C and a relative humidity of around 60% at the Amadori group 

(Bertinoro, Forlì-Cesena, Italy) hatchery. Eggs were candled on the 15th day, unfertilized eggs and 

eggs with dead embryo were discarded.  

Fertility and hatching rates were calculated using the following formulas: 

 

!"#$%&%$'	#)$" = +°	-"#$%&"	"../
$0$)&	+°	%+123)$"4	"../	×100 

 

8)$1ℎ%+.	#)$" = +°	ℎ)$1ℎ"4	"../
$0$)&	+°	%+123)$"4	"../	×100 

 

2.5. Statistical analysis 

The effect of the extenders on in vitro sperm variables (computer aided sperm analysis-CASA 

motility parameters and viability) was tested by independent-samples t-test. Fertility and hatching 

rates were compared among fresh semen and semen frozen in the presence of different extenders and 

inseminating doses by analysis of variance (ANOVA), followed by Duncan’s comparison test.  
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To compare the different treatments in vivo, we used a generalized linear model (GLM) procedure to 

determine the fixed effect of the extender, insemination doses and their interaction for the sperm 

fertility and hatching rates. These last parameters were measured across the treatments of frozen 

semen (2 extenders × 3 sperm concentration) and were compared by analysis of variance (ANOVA) 

followed by Duncan’s comparison test. Significance was set at p < 0.05 and every statistical test was 

performed using the software package SPSS (SPSS 15.0 for Windows, 2006; SPSS, Chicago, IL, 

USA). 

 

3. Results  

3.1. Fresh semen quality 

The semen quality parameters recorded from the pools of freshly collected semen are reported in 

Table 3. The average sperm concentration was about 9 × 109 sperm/mL. Total sperm motility was 

higher than 80% and progressive motility was 26%. Sperm viability was recorded in more than 90% 

of the sperm population. These features indicate an adequate fresh sperm quality which represents an 

important requirement for its utilization in the cryopreservation process. 

 
Table 3. Sperm quality variables (means ± standard error of means-
SEM) recorded in freshly collected turkey semen (n = 6) 

Sperm variables Mean ± S.E.M. 

Total motility (%) 82.2 ± 1.2 

Progressive motility (%) 26.2 ± 2.2 

VCL (µm/sec) 60.1 ± 3.9 

VAP (µm/sec) 41.4 ± 3.6 

VSL (µm/sec) 27.8 ± 2.2 

STR (%) 56.1 ± 3.5 

LIN (%) 35.1 ± 2.4 

WOB (%) 55.3 ± 2.4 

ALH (µm) 2.8 ± 0.2 

BCF (Hz) 4.6 ± 0.4 

Viability (%) 

Concentration (× 109/mL) 

91.8 ± 0.8 

9.1 ± 0.5 

VCL: curvilinear velocity; VAP: average path velocity; VSL: straight-
line velocity; STR: straightness; LIN: linearity; WOB: wobble; ALH: 
amplitude of lateral head displacement; BCF: beat cross frequency 
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3.2. Effect of extender on in vitro post-thaw semen quality 

The sperm quality post-thawing resulted was worse with respect to fresh sperm. In particular, we 

observed a loss of about 55 to 60% for total motility, 85% for progressive motility, 40 to 60% for 

related kinetic parameters and 45% for sperm viability. 

Sperm motility parameters and sperm viability obtained in semen frozen in the presence of Lake and 

Tselutin diluent are provided in Table 4. Significantly higher values of progressive motility, VCL, 

VAP, LIN, wobble (WOB) and amplitude of lateral head displacement (ALH) were found in semen 

diluted and cryopreserved with Lake extender compared to Tselutin. No significant differences were 

detected for sperm viability, total motility, VSL, STR and BCF. 

 
Table 4. Probability of t-test and means (± SEM) of sperm quality parameters recorded in thawed 
turkey semen samples (n=6) frozen in presence of Lake and Tselutin extender 

Sperm parameters        Lake       Tselutin p value  

Total motility (%) 35.8 ± 2.2 31.4 ± 1.0 0.105 

Progressive motility (%) 4.1 ± 0.6a 2.5 ± 0.3b 0.031 

VCL (µm/sec) 36.1 ± 1.6a 30.2 ± 1.7b 0.032 

VAP (µm/sec) 16.9 ± 0.9a 13.1 ± 1.1b 0.022 

VSL (µm/sec) 9.3 ± 0.8 7.0 ± 0.8 0.072 

STR (%) 43.4 ± 1.0 39.9 ± 1.2 0.053 

LIN (%) 22.1 ± 1.5a 17.3 ± 1.4b 0.041 

WOB (%) 42.8 ± 1.6a 36.7 ± 1.6b      0.024 

ALH (µm) 2.1 ± 0.1a 1.8 ± 0.1b 0.016 

BCF (Hz) 2.4 ± 0.2 1.9 ± 0.1 0.067 

Viability (%) 47.4 ± 1.5 50.9 ± 1.7 0.156 
a,bMeans ± standard error of means (SEM) within the same row differ significantly at p < 0.05 
according to Student’s t test procedure. VCL: curvilinear velocity; VAP: average path velocity; 
VSL: straight-line velocity; STR: straightness; LIN: linearity; WOB: wobble; ALH: amplitude of 
lateral head displacement; BCF: beat cross frequency 

 

Table 5 provides the percentage of fertility and hatching rates obtained after intravaginal artificial 

insemination of turkey hens with fresh and frozen semen.  

No significant effect of extender was detected for fertility and hatching rates, whilst sperm 

concentration significantly affected both parameters evaluated. Moreover, the interaction between 

extender and sperm concentration had no significant effect on the variables examined. 

Significantly higher values of fertility and hatching rates were recorded in fresh semen with respect 

to that with frozen treatment except for those with Lake/400 ×106 for fertility and Tselutin/250 × 106 

and 400 × 106 for hatching rate. However, the treatment with Lake and insemination dose of 400 × 
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106 spermatozoa (spz), guaranteed significantly higher values of fertility compared to all other frozen 

semen treatments. Higher hatching rates were recorded with the treatments of Tselutin/250 × 106. 
 

Table 5. Fertility and hatching rates in turkey hens fertilized with fresh and frozen semen in presence of Lake 
or Tselutin diluent and three sperm concentrations per insemination dose 

Semen treatment Extender Sperm concentration  

(× 106 spz) 

Total fertile 

eggs (%) 

Hatching rate 
(%) 

Fresh − 250  90.8a 75.6a 

Frozen Tselutin 

 

 

600 

400 

250 

81.9bc 

80.9bc 

82.2bc 

51.4d 

68.5abc 

72.3ab 

 Lake 600 

400 

250 

74.3c 

87.2ab 

80.7bc 

58.4cd 

70.9ab 

62.5bcd 

Extender effect 

Sperm concentration effect 

Extender × sperm concentration effect 

p = 0.767 

p = 0.049 

P = 0.193 

p = 0.974 

p = 0.004 

p = 0.201 
a-dValues within a column reporting different superscript letter differ significantly at p < 0.05 

 

4. Discussion 

In the present study, in order to obtain a freezing procedure with reports a fertilization rate as similar 

as possible to that of fresh semen, we investigated the effect of the two extenders (Tselutin and Lake) 

on in vitro sperm cryosurvival and on the fertilizing ability by testing three sperm concentration doses. 

It is to be highlighted that for the first time, we evaluated the fertilizing ability by testing three sperm 

concentration doses using the optimized freezing protocol (Di Iorio et al., 2020). Examining the 

results obtained in vitro it emerged that the Lake extender preserved the post-thaw progressive sperm 

motility and related kinetic parameters better (p<0.05). This could be attributed to its chemical 

composition, in this regard we speculate that the Lake extender would provide more appropriate 

nutrients for the semen cryopreservation as an energy source, chemical compounds that buffer against 

harmful changes of pH and provide a physiological osmotic pressure and concentration of 

electrolytes. 
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From the investigation of the composition of two extenders it emerged that the Lake extender 

contained fructose, whilst the Tselutin one contained glucose. Previous research showed that turkey 

spermatozoa utilize fructose more efficiently than glucose (McIndoe and Lake, 1973; Sexton, 1974). 

In addition, Lake includes the polyvinylpyrrolidone (PVP), whereas this is absent in Tselutin one. 

The PVP is a water-soluble polymer, which is identified as a NP-CPA at a high molecular weight by 

various authors (Tselutin et al., 1999; Blesbois et al., 2007; Rakha et al., 2017; Thananurak et al., 

2019; Thélie et al., 2019). Thus, we can speculate that there is a synergistic effect between PVP and 

Ficoll that offers more effective dehydration to the sperm cells during the freezing process. This 

prompts a reduction of ice crystal formation, which is the main biophysical mechanism causing sperm 

death that happens during the cryopreservation process. 

Regarding in vivo parameters no significant effect of extender was found, whilst the sperm 

concentration significantly affected the fertilization and hatching rates. Excellent values of fertility 

and hatching rates up to 87.2 % using the concentration of 400 × 106 sperm/hen for both extenders 

tested were obtained. In addition, no interaction between extender × sperm concentration was 

established.  

In accordance with standard procedure of the Amadori farm we used the fresh semen doses of 0.05 

mL with a sperm concentration of about 250 × 106 derived from a semen dilution 1:10. This sperm 

concentration is consistent with previous authors, who reported that the optimal fresh sperm 

concentration per inseminating dose was 200 - 250 × 106 sperm (Christensen, 1995; Brillard, 1995; 

Thurston, 1995; King et al., 2000). Thus, in order to compensate for the lower freezing sperm quality 

that was registered, we also tested concentrations higher than of 250 × 106, i.e., semen doses of 400 

and 600 × 106 sperm/per hen. The semen concentration of 250 × 106 /hen was insufficient to produce 

an appropriate reproductive performance, whilst that of 400 × 106 both in the presence of Lake and 

Tselutin generated 87.2% and 80.9% fertility, and 70.9% and 68.5% hatching rates respectively. 

Surprisingly, we did not observe an improvement of fertility and hatching rates with the higher semen 

dose (600 × 106); on the contrary, a significant decrease was observed particularly for Lake diluent. 

This could be due to the fact that 600 ×106/hen also includes a higher volume of semen used to 

inseminate with respect to the other inseminating doses. Thus, we hypothesize that a semen reflux 

can occur with a consequent reduction in the number of spermatozoa able to reach the sperm storage 

tubules (SST). 

Here the fertility and hatching rates achieved were at satisfactory levels considering some 

discouraging and variable results reported in the literature about reproductive performances when 

cryopreserved semen is used. The diverse outcomes are due to variability in the biological material 

and the multiplicity of preservation procedures used. In this regard, Tselutin et al. (1995) obtained a 
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fertility rate ranging from 71−84.3% using the pellet method as a freezing packaging system; Labbé 

et al. (2003) recorded values of fertility ranging from 20% using straws and up to 38% with the pellet 

method and Long et al. (2014) registered the value of 32.6% as the highest fertility when 

cryopreserved semen in straws were used.  

In addition, these latter authors (Long et al., 2014) also suggested to use repeated inseminations 2 or 

3 times per week in order to compensate for the lower concentrations of motile and functionally 

competent sperm in frozen semen compared to fresh semen. 

In this research, the reproductive performance might be overestimated because our fertility trial was 

performed on hens from commercial breeding at the end of their reproductive cycle. The hens had 

been inseminated with fresh semen weekly during the reproductive cycle in order to maintain an 

adequate reserve of sperm in sperm storage tubules (SST), and thus ensure high fertility rates. Hence, 

the spermatozoa from fresh semen doses could have remained in the hen oviduct for a long time and 

affected the reproductive performances obtained with frozen semen. Spermatozoa can survive up to 

10 weeks in SST of the turkey hens (Christensen and Bagley, 1989; Brillard, 1993; Bakst et al., 2010; 

Matsuzaki et al., 2014), although the fertility rates drop progressively each week (Long et al., 2014). 

In light of this, we are hoping to back up these results using hens that have not been previously 

inseminated with fresh semen. 

5. Conclusions 

In conclusion, from the results obtained, it emerged that the extender type only affected sperm 

motility characteristics, not the fertilizing ability of frozen-thawed semen, while inseminating dose 

markedly affected fertility and hatching rates. 

Finding an efficient freezing protocol for turkey semen and determining the appropriate inseminating 

dose and frequency is vital for the establishment of the first national semen cryobank within our 

national project (TuBAvI).   

In this regard, the fertility and hatching rates achieved here are promising for future studies that will 

aim to test the semen cryopreservation on Italian autochthonous turkey breeds and also to improve 

current prospects for the commercial use of frozen turkey semen. 
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Implementation of the cryobank: storage of semen doses from selected donors of Italian chicken 

and turkey breeds 

The start-up of the first semen cryobank for Italian chicken and turkey breeds was performed using 

the "Standard Operative procedure" (SOP). This document was written up by research groups from 

both the University of Milan (UniMi) and Molise, taking into consideration the FAO indications 

(FAO 2009, 2012, 2015). The objective of this document was to provide technical guidance and a 

decision aid for the practical design and implementation of the semen cryobank for endangered 

poultry breeds considered in the “TuBAvI” project.  

The donors selected for semen collection were characterized both morphologically and genetically. 

The phenotypic traits were evaluated according to the breed standard reported in the “Registry of 

Poultry Breeds” (https://www.anci-aia.it/il-libro-genealogico-delle-razze-avicole-autoctone/) and 

FAO criteria. Semen samples were collected by abdominal massage and subjected to a qualitative 

and quantitative assessment (concentration, volume, colour, density, presence of feces and urine, 

sperm motility, viability and osmotic resistance) to verify their suitability for freezing. According to 

the SOP, only semen samples that met the minimum requirements reported in table S1.1 were used 

for the cryobank. 

 
Tabel S1.1. Minimum semen quality requirements of rooster and turkey to be considered suitable for the 
cryopreservation process. 

 
 

Considering the need to develop species-specific cryopreservation protocols, two different methods 

of semen freezing/thawing were used (Figure S2.3 A-B). One method was developed and applied by 

UniMi for freezing chicken semen, using the protocol reported by Mosca et al. (2016) with slight 

modifications. Briefly, semen was first diluted using Lake pre-freezing modified extender (LPF, 

control treatment; 8 g D-fructose, 5 g potassiumacetate, 19.2 g sodium glutamate, 3 g 

polyvinylpyrrolidone, 0.7 g magnesium acetate, 3.75 g glycine, adjusted to 1 L with distilled water; 

Sperm variables 
Minimum value 

Chicken Turkey 
Volume µL 100 200 

Concentration × 109/mL 2 4 

Total motility % 65 65 

Progressive motility % 15 15 

Sperm viability % 70 70 

Osmotic resistance % 55 55 
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pH 7.0, osmolality 340 mOsmol/kg), cooled and kept at 4 °C for 30 min. After that, a further dilution 

to 1 x 109 sperm/ml with LPF extender containing 2% N-methylacetamide was performed. Semen 

diluted was equilibrated at 4 °C for 1 min, loaded into 0.25 mL French straws and frozen by exposure 

to liquid nitrogen (LN2) vapor at 3 cm above the LN2 surface for 10 min. The other method is the one 

developed and used by UniMol for freezing turkey semen (to detail see study 4 - Di Iorio et al., 

2020c).  

In order to ensure a correct management of semen cryobank an appropriate system of semen doses 

traceability was necessary. In this regard, each straw was identified by means of an alpha-numeric 

code bearing the following information, species, breed and donor. Simultaneously, a comprehensive 

database containing the number of straws for each semen donor, list of alpha-numeric code, 

cryopreservation protocol used, date of semen collection and freezing, fresh semen quality of each 

donor, position in the cryogenic tank and any other useful information, was created for data storage. 

 

 

Figure S2.3. Reference procedures used for cryopreservation of Turkey (A) and Chicken (B) semen 

 

Currently, a total of 112 and 85 semen doses from 22 and 17 donor males, belonging respectively to 

three local chicken and four local turkey breeds, are maintained in the cryobank (Table S1.2). 

Consistent to FAO guidelines (FAO, 2012), which report the need to set up at least two storage sites 

for semen doses in order to reduce the risk of loss, the chicken and turkey semen samples were 

duplicated and stored at two different facilities, i.e. Milan and Molise universities (Figure S2.4 A-B). 

The implementation of this first Italian poultry semen cryobank is an important step forward at the 

National level for the conservation of these valuable local breeds, however it is only at the beginning 

of its run. Indeed, a second project is foreseen in order to increase its consistency. 
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Table S1.2.  Results summary of semen samples stored in the first National semen cryobank for Italian 
chicken and turkey breeds 

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 Nero d’Italia 5 11 

 Romagnolo 5 50 

 Bronzato 2 13 

 Ermellinato di Rovigo 5 11 

Total number  39 197 

 

 

The future practical implications of these frozen semen doses include the possibility of recreating 

breeds or breeding lines if they are lost because of a catastrophic event, such as diseases, climatic 

adversity or lack of interest by farmers and improve genetic variability into in vivo populations with 

the purposes of reducing inbreeding levels and broadening diversity. 
 

 
Figure S2.4. Semen doses of Italian chicken and turkey breeds stored at the universities of Molise (A) and Milan (B) 

 

References 

• Mosca, F.; Madeddu, M.; Sayed, A.A.; Zaniboni, L.; Iaffaldano, N.; Cerolini, S. Combined effect 

of permeant and non-permeant cryoprotectants on the quality of frozen/thawed chicken sperm. 

Cryobiology 2016, 73, 343-347. 

• Di Iorio, M.; Rusco, G.; Iampietro, R.; Maiuro, L.; Schiavone, A.; Cerolini, S.; Iaffaldano, N. 

Validation of the Turkey Semen Cryopreservation by Evaluating the Effect of Two Diluents and 

the Inseminating Doses. Animals 2020, 10, 1329. 

	  

A B 



 

182 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Session 3 
Fine-tuned of rabbit sperm cryopreservation reference procedure and launch of 

the first national cryobank for Italian rabbit breeds (Oryctolagus cuniculus) 
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PREFACE 
Originally, rabbits (Oryctolagus cuniculus) are wild animals from the south of Europe, which were 

domesticated and widely introduced all around the world. Nowadays they exist in every continent, 

excluding Antarctica (Tablado et al., 2009). In Europe, rabbit farming really started in the 16th 

century. However, it was only in the 19th century that it became widespread in both rural and 

suburban areas. Since then, the rabbit has been primarily bred as a meat producing animal for small 

scale subsistence farmers. Multiple factors have subsequently driven the strong development of this 

sector on a global scale, such as the high productivity of rabbits, thanks to their short gestation and 

their great prolificacy; the excellent quality of meat, rich in protein, vitamins and minerals and low 

in fat and cholesterol; the low labour costs and ease of management; the few social, cultural and 

religious restrictions; moreover, being herbivores, rabbits do not compete with humans for their food 

(FAO, 2001) and its waste is a natural source of soil nutrition. Recently, besides to meat production 

for human consumption, the domestic rabbit has also been bred for other commercial purposes, such 

as medical and educational lab animals, pet animal, for pet food and for wool and fur production 

(Carneiro et al., 2011). However, the main reason because the rabbit is reared systematically on a vast 

scale remains the meat production. 

Global rabbit meat production is currently estimated at 1.482,441 TEC corresponding to 971,951 

million slaughtered animals (Trocino et al., 2019). In Europe, rabbit farming is highly concentrated 

in three countries representing 83% of the total EU production. Spain is the main producer with 

57,000 TEC in 2017, followed by Italy, with 47,000 TEC, and France with 44,000 TEC (Trocino et 

al., 2019). In the same year (2017), in the global context, Italy was the fifth-largest-producer of rabbit 

meat in the world following China, the Democratic People's Republic of Korea, Spain and Egypt. 

Rabbit production is still the fourth largest meat production industry after those of beef, pork and 

poultry, in terms of volume and importance, despite, the rabbit meat consumption has progressively 

been reduced in Italy due to several reasons, since 2010 (Trocino et al., 2019). 

In a recent report by the EU (2017), it is estimated that 84% of Italian production is derived from 

animals kept in commercial farms and slaughtered for human consumption in approved 

slaughterhouses, while the remaining is produced from rabbits reared, sold and consumed via 

backyard farms, direct and local sales.  

The world production of rabbit meat is mainly based on commercial hybrid lines (mainly New 

Zealand White and Californian) and a few large breeds that were used for the development of paternal 

lines (Maj et al., 2009). In this context, the role of rabbit breeds selected for meat production, has 

been dramatically reduced (Bolet et al., 2000; Jochová et al., 2017). At the same time, local breeds 

are characterized by a great adaptation ability and high disease resilience, thus constitute a unique 
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reserve of genetic variability for rabbits (Carneiro et al., 2011). These features are important for 

dealing with future changes to the environment, evolving markets for animal products and progress 

in animal production systems (Jochova et al., 2017).  

At global and European levels, indeed, the value of these breeds has encouraged many conservation 

programs. In this regard, so far, sperm cryobanks for rabbit breeds have already been implemented in 

some countries outside of Europe (Vietnam, China) and in some European countries (France, 

Germany, Slovak Republic, Netherlands), as complementary conservation strategy to that in situ. 

In Italy, a full sight of features of local rabbits, was provided by the “Registry of Rabbit Breeds” 

(https://www.anci-aia.it/registro-anagrafico/) created by “Italian rabbit breeders association” 

(ANCI). This association, under the supervision of MiPAAF, promotes institutional activities (Rabbit 

Genealogic Reference and Rabbit Directory), the development of Italian rabbit raising and the 

technical assistance to rabbit breeding farms. There are 43 local rabbit breeds registered by ANCI 

and they are classified according to their weight (light, medium, heavy line) and wool (Figure S3.1). 

Although local rabbit breeds have been well identified by their profile sheet provided by ANCI, there 

is a lack of data about their consistency in Italy.  

According to the Domestic Animal Diversity Information System database - DAD-IS 

(http://dad.fao.org/), most of the Italian rabbit breeds are classified as critical or endangered, 

therefore, active national conservation programs are needed to counter the loss of this precious 

genetic biodiversity. However, likewise to the poultry species, the Italian programs conservation for 

rabbit species are only based on the in situ conservation strategy, whilst nothing has been done about 

the ex situ in vitro strategy.  

In the light of these considerations, the national Cun-Fu project - "La Cunicoltura del futuro: 

benessere e sostenibilità degli allevamenti cunicoli italiani" (https://anci.eratio.it/) - was recently 

funded by MiPAAF to safeguard and valorise the Italian rabbit breeds. This project has foreseen the 

implementation of numerous actions, including the collaboration between ANCI and the University 

of Molise to create the first Italian semen cryobank in order to promote combined use of in situ and 

ex situ conservation strategies. 

Currently, semen cryopreservation is the most studied biotechnology in rabbit, because it results 

easier and cheaper than that of other types of germplasm (Viudes-de-Castro et al., 2014; Mocè et al., 

2014; Zhu et al., 2015; Di Iorio et al., 2018). However, despite the different protocols developed so 

far, research efforts are still ongoing to obtain semen cryopreservation methods that provide post-

thaw fertility rates more and more similar to those of fresh sperm. 

From this background, the research activities reported in this session are a part of a more extended 

project (Cun-Fu), that aimed to identify a reference procedure for rabbit semen cryopreservation 
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(study 6) in order to contribute to the implementation of the first national semen cryobank for Italian 

rabbit breeds. 

 

 
Figure S3.1 Classification of Italian rabbit breeds, according to their weight and fur (ANCI, 2010) 
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Abstract 
This study has been designed to optimize the semen freezing protocol in rabbits. In this 
regard we compared a Tris-citrate-glucose (TCG) extender with a commercial one 
(Cortalap®), that to the best of our knowledge has never been used up to now on the in vitro 
freezability and fertilizing ability of cryopreserved rabbit semen. Two different inseminating 
semen doses were considered. 
Five pooled semen samples were divided into two subsamples and each of them were diluted 
to a ratio 1:1 (v:v) with a freezing extender composed of TCG or Cortalap® containing 16% 
of dimethylsulfoxide and 0.1 mol/L of sucrose. The extended semen was filled into 0.25 mL 
plastic straws and frozen above a liquid nitrogen surface. After thawing (50°C/10 seconds) 
we determined sperm motility, viability, membrane functionality, acrosome and DNA 
integrity. Our results showed that the Cortalap® extender significantly improved the in vitro 
post-thaw sperm quality, in comparison to TCG. When we compared the extenders in vivo, 
no significant differences in the reproductive performances were observed independently by 
inseminating doses used. In this study we demonstrated that Cortalap® extender can be used 
as an alternative to TCG. Thus, the Cortalap® being a ready to use extender, implies a 
reduction of time, mistakes and microbial contaminations during its preparation. This 
discovery is significant because it provides an important contribution to the creation of the 
first Italian semen cryobank of rabbit breeds and also for livestock rabbit farms based on 
artificial insemination (AI) program. 
 
Key words: rabbit sperm, based extender, fertility, prolificacy, inseminating dose 
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1. Introduction 

The role of rabbit breeds selected for meat production, has dramatically decreased (Jochová et al., 

2017). This is due to the fact that the world production of rabbit meat is mainly based on commercial 

hybrid lines. According to the FAO guidelines (FAO, 2007) most rabbit breeds have been included 

in the national programs of genetic resources conservation. The value of these breeds has encouraged 

many conservation programs based on in situ and ex situ strategies at global and European levels. 

Even in Italy a conservation and valorisation project of Italian rabbit breeds is in progress thanks to 

the financial support of the Ministry of Agricultural, Food and Forestry Policies (MiPAAF). This 

project also involves the creation of the first Italian semen cryobank of rabbit breeds. In this regard, 

semen cryopreservation is a valuable tool for the conservation of animal biodiversity when it comes 

to facilitating the storage of gametes in a gene bank using thus the ex situ in vitro strategy (Blesbois, 

2007; Leroy et al., 2011; Zaniboni et al., 2014; Iaffaldano et al., 2016). 

Semen cryobank offers several benefits: allowing the backup of populations pre served in vivo in the 

event of genetic problems (inbreeding and genetic drift), therefore increasing the effective population 

size; providing the possibility to reconstruct breeds in the event of extinction or drastic reduction in 

the population. In this regard, the establishment of the semen cryobank assumes the identification of 

a reference procedure for rabbit semen cryopreservation. 

Furthermore, the use of frozen semen could be advantageous, beyond safeguarding the rabbit breed 

biodiversity, but also for livestock rabbit farms based on artificial insemination (AI) program. To 

date, in rabbit farms AI is performed with fresh or cooled semen rather than frozen semen because of 

the poor fertility results after thawing (Mocé and Vicente, 2009; Lavara et al., 2017). 

In our previous papers many variables of a rabbit semen freezing protocols have been studied 

(Iaffaldano et al., 2012, 2014; Kuliková et al., 2015; Di Iorio et al., 2018). Summing up the results 

obtained in the above mentioned works, we obtained the following best semen freezing protocol: 

cooling at 5°C for 90 min, dilution 1:1 with the freezing extender (tris-citric acid-glucose – TCG) 

containing 16% of dimethylsulfoxide (DMSO) and 0.1 M of sucrose, equilibration time of 45 min at 

5°C, exposure to liquid nitrogen vapour at 5 cm above the nitrogen. This protocol allowed us to reach 

similar reproductive performances with frozen semen to those recorded with fresh semen. The 

inseminating dose/straw (0.25 mL) contained a frozen sperm concentration ranging from 40 to 75 Å~ 

106 /mL for each doe (Iaffaldano et al., 2012, 2104; Di Iorio et al., 2018). 

So far, one of the parameters that we have not yet evaluated in the freezing protocol is the type of 

extender. In this regard, we have used Tris-based extender (TGC) in our previous research but it is 

also very frequently used in the world of rabbit sperm cryopreservation (Cortell and Viudes de Castro, 

2008; Mocé and Vicente, 2009; Mocé et al., 2010, 2014; Hall et al., 2017; Zhu et al., 2015, 2017). 
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Here we are going to test the Cortalap®, a commercial extender that would facilitate the semen 

freezing protocols. The choice of the Cortalap® is driven by the fact that in one of our previous studies 

it was the best among four extenders (Cortalap®, TCG, Lepus® and Merk III®), in terms of the in vitro  

preservability of rabbit spermatozoa stored for 72 hours at 5°C (Di Iorio et al., 2014). 

Up to now, to the best of our knowledge the Cortalap® has never been used in the cryopreservation 

protocol of rabbit semen. Therefore, this study has been designed to compare a commercial extender 

(Cortalap®) with TCG on the in vitro freezability and in vivo reproductive performances of 

cryopreserved rabbit semen. Two different inseminating semen doses have been also considered. 

2. Material and methods 

2.1 Chemicals 

 All chemicals used were of the highest commercially available purity. Unless stated otherwise, all 

of the chemicals were purchased from Sigma Chemical Co. (Milan, Italy). 

 

2.2 Animals 

 In this research 30 adult bucks (8 months old) and 150 does (8–9 months old) of the Bianca Italiana 

breed were used. Rabbits were kept at the Central Breeding Farm of Italian Rabbit Breeders 

Association (ANCI-AIA, Volturara Appula (FG), Italy). 

Animals were placed in individual flat-deck cages, subjected to a photoperiod of 16 h light/day, fed 

with commercial standard breeder diet and allowed free access to water. The experiments were carried 

out in accordance with the Code of Ethics of the EU Directive 2010/63/EU for animal experiments. 

The approval request number was 30003 of 20-12-2017 (2017-UNMLCLE-0030003). 

 

2.3 Semen collection and macroscopic evaluation 

Ejaculates were collected using a teaser doe and pre-heated artificial vagina. 

Only ejaculates that exhibited a white colour were used in the experiment, samples containing urine 

and/or cell debris were discarded, when present, gel plugs were removed. To be included in the study, 

ejaculates were required to be at least 400 µL in volume. The ejaculates were pooled (4 

ejaculates/pool) to avoid the effects of individual differences among males. In total, 5 pools were 

used for the experiments. 

 

2.3 Experiment 1. Effects of different extenders on post-thaw semen quality 

Semen pools were transferred from the farm to the laboratory in a polystyrene box at room 

temperature and within 30 min. An aliquot was withdrawn from each pool to evaluate the fresh semen 
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quality, as described below, and the remaining pooled semen was cooled at 5°C for 90 min before 

freezing (Di Iorio et al., 2018). 

Subsequently, each pool was divided into two equal aliquots, and each of them was diluted to a ratio 

1:1 (v:v) with a freezing extender composed of TCG (250 mmol/L Tris-

hydroxymethylaminomethane, 88 mmol/L citric acid, and 47 mmol/L glucose) or Cortalap®  (IMV-

Technologies), both extenders containing 16% of DMSO (as permeating cryoprotectant) and 0.1 M 

of sucrose (as non-permeating cryoprotectant). The extended semen was filled into 0.25 mL plastic 

straws and equilibrated at 5°C for 45 min; in total, 200 straws were used (20 straws for each treatment 

× 2 treatments × 5 replicates). Then, the straws were allocated horizontally 5 cm above a liquid 

nitrogen surface for 10 min and plunged into liquid nitrogen for storage. 

The straws were thawed after storage period of at least 1 month by transferring them into a water bath 

at 50°C for 10 seconds. 

 

2.4 Analysis of sperm quality variables 

The sperm quality parameters evaluated in both fresh and thawed semen were: sperm motility, 

viability, membrane functionality, and acrosome and DNA integrity. Moreover, for each pool of fresh 

semen the sperm concentration was evaluated using a Neubauer hemocytometer. Semen was diluted 

1:100 (v:v) with 3% NaCl (w:v) solution and spermatozoa were counted in the central grid of the 

hemacytometer. Both chambers of the hemocytometer were counted and averaged. Sperm 

concentration was expressed by million per milliliter (no. spz ×106/mL). 

Sperm motility was evaluated by subjectively visual estimation. Briefly, 5 µL of diluted semen (1:10 

in NaCl 0.9%) were delivered on a glass slide prewarmed at 37°C and covered with a coverslip. The 

slides were examined at ×400 magnification using a phase-contrast microscope (Leica Aristoplan; 

Leitz Wetzlar, Heidelberg, Germany). At least five fields were observed and percentage of total 

motility (TM, spermatozoa showing any type of sperm head movement) and forward progressive 

motility (FPM, spermatozoa showing linear movement) were scored. 

Sperm viability was estimated using two fluorescent stains SYBR-14 and propidium iodide (PI) 

(LIVE/DEAD Sperm Viability Kit-Molecular Probes, Inc.). This test was performed on 5 µL of 

semen, which were added to 39 µL of TCG containing 1 µL SYBR-14 (diluted 1:100 in DMSO), 

incubated at 37°C for 10 min, and then were added 5 µL propidium iodide (diluted 1:100 in the TCG 

diluent) followed by incubation of a further 5 min at the same temperature. Lastly, 5 µL of this 

solution were placed on microscope slides and examined at a magnification ×1000 using a ×100 oil 

immersion objective under epifluorescence illumination (blue excitation filter λ = 488 nm). For each 

sample, minimum 200 sperm cells were counted in duplicate aliquots. Spermatozoa showing green 
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fluorescence were marked as alive and those showing red fluorescence as dead. The percentage of 

viability was calculated as the number of green cells ×100 divided by the total number of sperm 

counted. 

The membrane functionality of the rabbit sperm was assessed by studying the swelling reaction of 

sperm tail when suspended in a medium of distilled water (hypoosmotic swelling test; HOST) as 

described by Lomeo and Giambersio (1991). This test is effective in measuring changes in sperm 

membrane functional status and permeability when exposed to hypo-osmotic conditions. The analysis 

was conducted by mixing 10 µL of semen with 80 µL of distilled water, incubating for 5 min at 37°C, 

then 10 µL were deposited on a clean glass slide and examined under a phasecontrast microscope 

(magnification ×400). The typical sperm osmotic “coiled tail” reaction was easily detected, and the 

number of hypo-osmotic water test-positive cells was recorded by counting spermatozoa showing 

this feature among 200 cells examined (Rosato and Iaffaldano, 2011). 

Duplicate smears were realized using a drop of semen from each sample to evaluate acrosome 

integrity. After fixation in methanol for 30 min, the slides were washed with water, air-dried and 

incubated with the Pisum sativum agglutinin FITC (fluorescein isothiocyanate) conjugate (FITC-

PSA) for 30 min at room temperature (Mendoza et al., 1992). In each slide, assessment was made of 

200 sperm at a magnification ×1000 using an oil immersion objective under epifluorescence 

illumination. This stain intensely labels the acrosomal region of acrosome-intact sperm, which emit 

a uniform apple-green fluorescence, while acrosome-damaged spermatozoa show scarce or no green 

fluorescence in the anterior part of the head. The percentage of acrosome-intact spermatozoa was 

calculated as a fraction of the total. 

Sperm DNA integrity was evaluated following the method developed by Gandini et al. (2006) using 

acridine orange (AO). Ten µL of semen were smeared onto a microscope slide, air-dried and fixed 

overnight in a 3:1 methanol:glacial acetic acid solution. Slides were then stained with an AO solution 

(0.2 mg/mL in water). After an incubation period of 5 min in the dark at room temperature each smear 

was observed using a fluorescence microscope with a 490 nm excitation light and 530 nm barrier 

filter. Nuclei in at least 200 spermatozoa per slide were examined and scored as green or yellow-

orange-red fluorescing (intact DNA or damaged DNA, respectively) and the percentage of normal 

and abnormal chromatin condensation calculated. 

 

2.5 Experiment 2. Comparing the in vivo reproductive performance of rabbit does inseminated with 

semen cryopreserved using TCG and Cortalap® and two different volumes of inseminating dose 

In this experiment, we tested the efficacy of semen frozen in presence of TCG and Cortalap® (using 

two different inseminating doses) with fresh semen in an artificial insemination trial. In total 150 
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multiparous (31 days postpartum) receptive rabbit does were used, that were divided into five 

treatment groups (30 does for each group): 

1) fresh semen (control group), each doe received a 0.5 mL dose of fresh semen diluted 1:10 with 

Cortalap® extender (approximately 35 × 106 sperm), 

2) TCG/0.25 mL: each doe was inseminated with one straw of thawed semen (approximately 75× 106 

sperm), 

3) TCG/0.18 mL: each doe received 0.18 mL of thawed semen (approximately 55 × 106 sperm), 

4) Cortalap® /0.25 mL: each doe was inseminated with one straw of thawed semen (approximately 

75 × 106 sperm), 

5) Cortalap® /0.18 mL: each doe received 0.18 mL of thawed semen (approximately 55 × 106 sperm). 

All of the does underwent the following biostimulation protocol to synchronize their estrus: flushing, 

that is, increasing feed amount/doe from 180 g/day to ad libitum (3 days before insemination), 

changing cages (3 days before insemination), and increasing the photoperiod from 16 to 24 hours of 

light (2 days before insemination). At the time of insemination, each female received an intramuscular 

injection of buserelin acetate to induce ovulation (1 µg/doe). 

Fertility (number of pregnant does/number of inseminations) was determined by abdominal palpation 

performed on each doe 17 days after artificial insemination. At parturition, the factors: kindling rate 

(number of does giving birth/number of inseminations), number of kits born (total born/kindling), 

and number of kits born alive (total live-born/kindling) were assessed. 

 

2.6 Statistical analysis 

 Sperm quality (motility, viability, membrane functionality, acrosome and DNA integrity) and 

reproductive performances (fertility, kindling, prolificacy and kits born alive) data were compared 

among treatments by ANOVA, followed by Duncan’s comparison test. All statistical tests were 

performed using the software package SPSS (SPSS 15.0 for Windows, 2006; SPSS, Chicago, IL, 

USA). Significance was set at P≤0.05. 

 

3. Results 

3.1 Effects of TCG and Cortalap® on in vitro post-thaw semen quality 

The average sperm concentration of fresh semen was 610 ± 15 × 106 spermatozoa/mL. The results of 

fresh and post-thaw semen quality in terms of TM, FPM, viability, membrane functionality, acrosome 

and DNA integrity are provided from Figure 1 to Figure 6, respectively. Better values of all sperm 

parameters (except for DNA integrity) were obtained in fresh semen (P≤0.05) in respect to those 
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cryopreserved, even if higher TM, FPM, viability, membrane functionality and acrosome integrity 

were recorded in semen cryopreserved in presence of Cortalap® (P≤0.05). 

 

 
Figure 1. Total motility of fresh and frozen rabbit semen, cryopreserved using TCG or 
Cortalap®. Bars represent means ± SEM. Different lowercase letters on bars indicate a 
significant difference (P≤0.05) 

 

 
Figure 2. Forward progressive motility recorded in fresh and frozen rabbit semen, 
cryopreserved using TCG or Cortalap®. Bars represent means ± SEM. Different 
lowercase letters on bars indicate a significant difference (P≤0.05) 
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Figure 3. Sperm viability obtained in fresh and frozen rabbit semen, cryopreserved in 
presence of TCG or Cortalap®. Bars represent means ± SEM. Different lowercase letters 
on bars indicate a significant difference (P≤0.05) 
 
 

 
Figure 4. Sperm membrane functionality of fresh and frozen rabbit semen, cryopreserved 
using TCG or Cortalap®. Bars represent means ± SEM. Different lowercase letters on 
bars indicate a significant difference (P≤0.05) 
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Figure 5. Acrosome integrity recorded in fresh and frozen rabbit semen, cryopreserved 
using TCG or Cortalap®. Bars represent means ± SEM. Different lowercase letters on bars 
indicate a significant difference (P≤0.05) 

 

 

 
Figure 6. DNA integrity of fresh and frozen rabbit semen, cryopreserved in presence of 
TCG or Cortalap®. Bars represent means ± SEM. Different lowercase letters on bars 
indicate a significant difference (P≤0.05) 
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3.2 Artificial insemination 

Table 1 provides the reproductive performances recorded after the artificial insemination of does that 

were inseminated with fresh semen or semen frozen in presence of TCG or Cortalap®. 

No significant differences were observed for all reproductive performances considered among the 

treatments. Nevertheless, higher prolificacy and number of kits born alive were found in does 

fertilized with semen cryopreserved in presence of Cortalap® (0.25 mL); this based extender 

guarantees a higher number of total born and live born (197 and 183) compared with fresh semen 

(170 and 154) and semen frozen in TCG (178 and 170). 

 
Table 1. Reproductive performances outcomes recorded in rabbit does after insemination with fresh semen or semen 
frozen in presence of TCG or Cortalap® 

Semen treatment Reproductive performances 

 
Extender Volume 

(mL) 
% Fertility 

(n) 
% Kindling 

(n) 
Total born 

(mean ± SEM) 
Live born 

(mean ± SEM) 

Fresh  0.5 80.0 (24) 73.3 (22) 7.7 ± 0.7 7.0 ± 0.7 

Frozen TCG 0.25 86.7 (26) 80.0 (24) 7.4 ± 0.8 7.1 ± 0.8 

 TCG 0.18 73.3 (22) 70.0 (21) 7.8 ± 0.5 7.7 ± 0.5 

 Cortalap® 0.25 76.7 (23) 70.0 (21)  9.4 ± 0.6 8.4 ± 0.9 

 Cortalap® 0.18 70.0 (21) 63.3 (19) 8.4 ± 0.9 8.3 ± 0.9 

 

4. Discussion 

The purpose of the present study was to evaluate the effect of Cortalap® that is a ready to use 

commercial extender that could substitute the TCG in freezing protocol of rabbit semen. Premising 

that the TCG, as a based extender turned out to be successful for rabbit sperm cryopreservation both 

by us and by other authors (Mocé and Vicente, 2009; Iaffaldano et al., 2012, 2014; Zhu et al., 2015, 

2017; Hall et al., 2017; Di Iorio et al., 2018), the replacement of TCG with the Cortalap® could offer 

practical advantages such as: reduction of time, mistakes and microbial contaminations during its 

preparation. Thus, the Cortalap® that is a ready to use extender would facilitate the processing of the 

semen cryopreservation. Here, the Cortalap® has been tested for the first time for cryopreservation of 

rabbit semen and the rationale of its usage is based on the satisfactory results obtained previously in 

vitro in chilled semen (Di Iorio et al., 2014). Our results showed that the based extender clearly 
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affected the post-thaw semen quality in vitro. In fact, the Cortalap® extender significantly improved 

sperm motility, viability, membrane functionality and acrosome integrity after the freezing process 

in comparison to TCG. Contrary to our expectations no significant differences were observed between 

the two extenders for all reproductive performances considered. This is consistent with Cortell and 

Viudes de Castro (2008) who observed similar reproductive performances between TCG and another 

commercial extender (MIII-Minitube). 

We assume that the Cortalap® works similarly to TCG during the freezing of rabbit semen. Due to 

the commercial interests of the Cortalap® we were only able to know the type of component of 

extender which includes tris, citric acid, salts, sugars and water but not their concentrations. Some of 

these components are also present in the glucose-based Tris extender. However, an effective 

comparison between two extenders is difficult because we do not know what sugars are included 

and/or the concentrations of different components. 

Notice that the role of extenders in semen preservation is primarily to extend the fertile life of sperm 

(indefinitely in the case of frozen semen) and to greatly extend the genetic potential of individual 

males through artificial insemination (A.I.) (Foote and Bratton, 1950). An extender must first meet 

the basic physiological requirements of sperm-iso-osmotic, near-neutral pH with an appropriate 

buffer and metabolizable substrate (Salamon and Maxwell, 2000; Layek et al., 2016). Therefore, an 

ideal extender should have nutrients as an energy source (glucose and fructose are most commonly 

used), substances that buffer against harmful changes of pH, provide a physiological osmotic pressure 

and concentration of electrolytes (citric acid, sodium citrate, TES and Tris). 

Thus, we can speculate that the Cortalap® extender provided a suitable condition for rabbit 

spermatozoa during cryopreservation process and preserved the in vitro spermatic characteristics of 

frozen semen better. 

Another interesting point studied in this research was reducing the number of spermatozoa for each 

doe (75 × 106 vs 55 × 106 sperm/female) in order to fertilize a greater number of females using 0.18 

mL (55 × 106 sperm)/doe (in total 5.4 mL/30 female has been used). Although no significant 

differences were registered in the reproductive performances using two different inseminating 

volumes for both extenders, a decrease of about 10% of fertility and kindling rate was observed when 

the inseminating dose was 0.18 mL. However, this information deserves attention in further research. 

Thus, at the moment we can sustain that the insemination dose corresponding to 55 × 106 

sperm/female turned out to be impractical during artificial insemination operations due to smaller 

volume dose used (0.18 mL). 

Many studies have been performed to find out what the appropriate sperm dose is when using frozen 

semen for artificial insemination (Mocé and Vicente, 2009). Some authors worked at a fixed 
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concentration of motile sperm ranging from 3 to 20 × 106 motile sperm/female (Maeda et al., 2012; 

Nishijima et al., 2015) while others implemented a fixed total sperm concentration (Arriola and Foote, 

2001; Mocé et al., 2003 a, b, 2010; Viudes-de-Castro et al., 2005), or at a fixed semen dilution 

depending on the initial concentration of the ejaculates (Iaffaldano et al., 2012, 2014; Viudes-de- 

Castro et al., 2014; Di Iorio et al., 2018). 

However, the optimal number of frozen spermatozoa, in order to reach effective reproductive 

performances, is highly variable because it largely relates to the experimental conditions and the 

physiological status of the does at the moment of the insemination. 

 

5. Conclusions 

In conclusion the results obtained here provide a contribution to the development of an effective 

semen cryopreservation protocol that is necessary for the creation of the first rabbit cryobank that is 

an important milestone within our financed “Mi-PAAF” project which promotes the ex situ 

conservation strategies for the safeguard of rabbit breeds. 

Moreover, the discoveries obtained here lay out the groundwork for further challenges. In this regard 

we aim to find an optimal sperm concentration for a straw utilizing commercial ready to use extender 

that ensures safety and facilitates to field activities such as the Cortalap®. 
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Implementation of the cryobank: storage of semen doses from selected donors of Italian rabbit 

breeds 

To achieve the “Cun-Fu” project's aim regarding the implementation of the first semen cryobank for 

Italian rabbit breeds, ANCI availed from the expertise of the UniMol research group. The semen 

collection, evaluation and cryopreservation activities from selected donors were carried out with the 

use of a mobile laboratory, which moved among some Italian regions (Figure S3.2 A-D), where 

events organized by ANCI i.e local fairs and exhibitions of autochthonous rabbit occurred, thanks to 

the participation of “keeper’s breeders”. The donors selected for semen collection were evaluated by 

breed experts on the basis of phenotypic traits according to the breed standard reported in the 

“Registry of Rabbit Breeds” (https://www.anci-aia.it/registro-anagrafico/#razze) and health status. 

Ejaculates were collected using a teaser doe and pre-heated artificial vagina (55-58°C) and 

immediately subjected to a qualitative and quantitative analysis (volume, colour, density, presence of 

other biological contaminants, sperm motility) to verify their suitability for freezing process. Colour 

and consistency of the semen were used as index for a preliminary evaluation of the sperm 

concentration. Subsequently, only spermatozoa that showed a minimum sperm volume of 0.150 mL 

and total and progressive motility rate higher than 65% and 50% respectively, were used for cryobank. 

Semen doses were frozen according to the reference procedure for rabbit semen cryopreservation 

developed in the study 6 and summarized in the figure S3.3 (Di Iorio et al., 2020a). In this regard, 

according to the fertility and kindling rates, it was decided to use the TCG as extender for the semen 

cryopreservation than Cortalap. 

It was crucial to use a good straw traceability system to ensure proper samples management. In 

particular, each semen dose was identified reporting an alphanumeric code on the straw, which 

included information about the breed and the ID number of the donor. 

The results summary of the samples involved in the creation of semen cryobank during the period 

2017-2019 are reported in the table S3.1. To date, a total of 1180 semen doses from 321 donors, 

belonging to 28 Italian rabbit breeds have been collected and stored.  

The primary site of rabbit semen cryobank is located in Volturara Appula (FG) at the ANCI genetic 

center and it is under the responsibility of ANCI (Figure S3.4). Moreover, in order to reduce risks of 

loss, the collections will be duplicated and also stored at the UniMol facility. 

The launch of this first Italian semen cryobank of native rabbit breeds plays an important role at 

national level, preserving resources with high genetic value to use in the medium or long term. 

Consistent with this, the future perspectives are to continue the semen cryopreservation activities in 

order to increase the rabbit breed/donors/semen doses number to be involved in the cryobank. 

Moreover, in order to maximize the potential of cryobank for rabbit species, the next steps will be 1) 
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to standardize the freezing procedure in order to obtain the same sperm concentration/straw; 2) to 

write up the "Standard Operative Procedure" (SOP), as technical guidance for the implementation of 

rabbit semen cryobank, according to FAO guidelines (FAO, 2012). 

 

 

 
Figure S3.2. Mobile laboratory set-up for the rabbit semen cryopreservation at 
the local fairs of A) Bolzano (Trentino Alto Adige); B) Piacenza (Emilia 
Romagna); C) Montichiari (Lombardia); D) Montalto Uffugo (Calabria)  

 
 
 

 
Figure S3.3. Reference procedure used for cryopreservation of rabbit semen (Di Iorio et al., 2020a) 
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Table S3.1. Results summary of semen samples stored in the first National semen cryobank for Italian rabbit breeds  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S3.4. Semen doses of Italian rabbit breeds stored at the ANCI genetic center   

Breeds N° of donors N° of doses 

Gigante 11 35 
Gigante Bianco 8 44 
Gigante Pezzato  16 67 
Ariete 3 13 
Argentata di Champagne  10 28 
Cincillà Grande 6 23 
Argentata Grande 4 10 
Pezzata Tricolore  4 19 
Lepre 28 86 
Ariete Piccolo 13 35 
Martora 1 4 
Fata di Marburgo 2 11 
Oro di Sassonia  7 23 
Fata Perlata  6 15 
Lince 4 9 
Argentata Piccola 15 47 
Cincillà Piccolo  2 5 
Focata  13 29 
Ariete Nano 5 9 
Ermellino 3 4 
Nani Colorati  12 25 
Angora 1 3 
Rex 5 19 
Satin 3 8 
Pezzata Piccola 2 7 
Bianca Italiana 53 248 
Macchiata Italiana  47 215 
Argentata Italiana  37 139 

Total number 321 1180 
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PREFACE 
Rabbit (Oryctolagus cuniculus) represents an important mammalian species worldwide, being at the 

same time of commercial interest and a research model animal. The benefits of using artificial 

insemination (AI) in intensive meat rabbit production (Piles et al., 2013) and its phylogenetic 

proximity to the human species, which made it a model organism to study mammalian reproduction 

(Garcia-Dominguez et al., 2019), have recently spurred numerous proteomics investigations on rabbit 

semen. 

To date, several comprehensive comparative analysis of rabbit spermatozoa and seminal plasma were 

performed for several purposes. In particular, current studies allowed the characterization of different 

semen proteins, focusing on the effects of the genetic origin (Casares-Crespo et al., 2016; 2019) and 

seasonality (Crespo et al., 2018) or to evaluate the potential associations between seminal proteins 

and semen quality criteria (Bezerra et al., 2019). These studies contributed to generate the largest 

library of spermatozoa and seminal plasma proteins reported for rabbits. They provided evidence that 

proteins from rabbit semen are under both seasonal and genetic control. The presence of different 

abundance of specific proteins implicated in reproductive processes explained the variations observed 

in fertility between two different genetic lines (Casares-Crespo et al., 2016). Moreover, such studies 

revealed the major importance of seminal plasma proteins in the modulation of functional and 

protective events of rabbit spermatozoa, as well as the discovery of potential marker proteins for 

semen quality (Bezerra et al., 2019). Although these findings could contribute to the potential 

improvement of the semen use in the assisted reproductive technologies (ARTs), no comparative 

analysis to evaluate the cryogenic damage exerted to rabbit semen proteome has yet been performed. 

It is known that an effective semen freezing procedure represents a crucial tool for long-term ex situ 

conservation of germplasm (Martínez-Páramo et al., 2009), as well as for increasing the advantages 

of AI in the modern animal breeding (Li et al., 2016). Likewise, obtaining cryopreserved rabbit semen 

doses of good quality means increasing the potential of biomedical research in the human 

reproduction field (Foote and Carney, 2000). However, semen cryopreservation is yet a great 

challenge in rabbit species, since many sperms are irreversibly damaged or show altered functionality 

after the whole process (Mocé and Vicente, 2009). Therefore, the potential of cryopreserved rabbit 

semen is not yet fully used for commercial purpose. At present, it is generally accepted that most 

cryoinjuries produce irreversible damage to the sperm structure and cause changes in the levels of 

proteins. These phenomena adversely affect the natural course of the physiological events involved 

in the spermatozoa fertilizing ability. Indeed, it is possible that phenomena of capacitation and 

acrosome exocytosis are prematurely triggered due to freezing/thawing procedure (Cormier et al., 

1997; Tabuchi et al., 2008; Chen et al., 2014). The decrease in the percentage of sperm with intact 
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acrosomes, motile and live represent the common macro-indices related to the reduction in the sperm 

fertilizing ability after cryopreservation (Lahnsteiner et al., 2000; Mocé and Vicente, 2009). 

However, none of these parameters can offers a complete explanation of the complicated molecular 

mechanisms actually involved in the biochemical and physiological sperm changes that occur during 

freezing procedure (Graham and Mocé, 2005; Rodriguez-Martinez and Barth, 2007). 

Proteomic technology has been shown to be a valuable tool in improving the understanding of the 

mechanisms involved in sperm cryodamage through comprehensive identification and comparative 

analysis of fresh and cryopreserved semen proteome in several species (Zilli et al. 2005; Li et al., 

2010; Li et al. 2011; Zhang and Xiong 2013; Chen et al., 2014; Wang et al., 2014; Westfalewicz et 

al., 2015; Cheng et al., 2015; Bogle et al., 2017). Some sperm proteins have been identified and 

associated with sperm quality, and the loss of these proteins can at least in part explain the fertility 

decrease in sperm cryopreservation. Detection of these changes in protein abundance under defined 

conditions, such as cryopreservation, falls within the field of differential proteome analysis (Weiland, 

2019). Currently, the two-dimensional difference gel electrophoresis (2D-DIGE) technique is the 

most comprehensive top-down proteomics method to quantify these changes, while retaining 

information about isoforms and post-translational modifications, truncation and degradation events, 

splice variants as well as changes in protein isoelectric point (Collier and Muddiman, 2012). This 

ability to quantify proteoforms is a focal advantage in comparison to bottom-up proteomics methods 

(e.g. LC-MS/MS), where essentially peptides are quantified and, for most of the proteins, their 

specific isoform information is lost (Kim et al., 2014). The technique encompasses the labelling of 

protein samples with fluorescent tags and simultaneous separation of two samples plus an internal 

pooled standard (IPS) on a single 2D gel (Unlu et al., 1997; Alban et al., 2003). It allows an accurate 

and reproducible quantification of proteins and it is, generally, followed by other advanced proteomic 

tools, such as mass spectrometry MALDI-TOF, in order to identify the peptides or proteins of interest.  

Starting from these considerations, the present session includes a draft article on the first comparison 

of the whole proteome of fresh and cryopreserved semen (spermatozoa and seminal plasma) of the 

Bianca Italiana rabbit, in order to unravel the main physiological and biochemical mechanisms 

affected by the freezing/thawing procedure of semen in this species. 
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1. Scope 

There is evidence in the literature suggesting that cryopreservation process changes the functional 

state of many proteins. In this regard, 2D-DIGE coupled with MALDI-TOF/TOF mass spectrometry 

was utilized to examine changes in the proteins of fresh and frozen–thawed rabbit semen for the first 

time, in order to explore the mechanisms of cryodamage and the main pathways and cellular functions 

affected by cryopreservation process in this species. 

 

2. Materials and methods 

2.1 Animals management, sample collection, cryopreservation and semen quality assessment  

In this research the semen samples from six 8-months old Bianca Italiana rabbits breed were collected 

using a pre-heated artificial vagina. All bucks were of proven fertility and subjected to a weekly 

pattern of ejaculate collection. Rabbits were kept at the Central Breeding Farm of Italian Rabbit 

Breeders Association (ANCI-AIA, Volturara Appula (FG), Italy) in individual flat-deck cages, 

subjected to a photoperiod of 16 h light/day, fed with commercial standard breeder diet and free 

access to water.  

Ejaculates were collected using a teaser doe and pre-heated artificial vagina (55-58°C). Right after 

the semen collection, the gel fraction was manually removed by Pasteur pipettes and the volume was 

measured. The semen samples of each animal were divided into two equal aliquots, the first was used 

as fresh semen sample and the second for the cryopreservation procedure. 

Fresh sperm quality analyses were immediately carried out to ensure the quality of ejaculates to be 

subjected to cryopreservation procedure (concentration at least 500 × 106 spermatozoa/mL, motility 

and viability > 80%). The sperm concentration was determined using a Neubauer chamber (Di Iorio 

et al., 2020). Sperm motility parameters were evaluated by a computer-aided sperm analysis (CASA) 

system connected 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), according 

to the method described by Kulikova et al. (2014) with few modifications. Briefly, each semen sample 

was extended in 0.9% NaCl to reach a sperm concentration of 60 × 106/mL. Then, 5 µL of diluted 

semen was delivered on a glass slide pre-warmed at 37°C, covered with a coverslip and observed 

under the microscope. The recorded sperm motion parameters were: total motile spermatozoa (%), 

progressive motile spermatozoa (%), curvilinear velocity (VCL, [µm/s]), straight-line velocity (VSL, 

[µm/s]), average path velocity (VAP, [µm/s]), linearity (LIN, [%]) and straightness (STR, [%]). At 

least 1000 sperm tracks in five microscopic fields for each sample were assessed at 100× total 

magnification. 
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Sperm viability was measured using the Muse® Cell Analyzer (Luminex corporation, 12212 

Technology Blvd Suite 130, Austin, TX 78727, United States) following the manufacturer’s protocol. 

Semen samples were diluted in phosphate-buffered saline (PBS) so that a concentration ranging from 

1 × 105 to 1 × 107 spermatozoa/mL could be reached. Subsequently, 20 µL of this suspension was 

mixed with 780 µL (dilution factor 1:20) of a Muse Count and Viability Kit® in an Eppendorf tube 

(Luminex corporation) and incubated for 5 min at room temperature. Samples were analysed with the 

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 with a 

nucleus, aiming 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 allows 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). 

The semen samples were cryopreserved using the protocol developed by Di Iorio et al. (2018). 

Briefly, after cooling at 5°C for 90 min, the semen samples were diluted to a ratio of 1:1 (v:v) with a 

freezing extender composed of Tris-Citrate-Glucose (containing 16% (v:v) of dimethylsulfoxide and 

0.1 mol/L sucrose. The semen was subsequently loaded in 0.25 ml straws, equilibrated at 5°C for 45 

min and frozen in liquid nitrogen vapor. Quality assessment of semen during the cryopreservation 

procedure was carried out in three steps: 1) after cooling, 2) after sperm equilibration with freezing 

extender (preefreezing steps) and 3) post-thawing, in order to evaluate the overall effect of 

cryopreservation process on the sperm quality parameters (motility and viability). The evaluation of 

semen quality during the cryopreservation procedure (fresh, cooled, equilibrated and post-thawing) 

was tested by analysis of variance (ANOVA), followed by Duncan’s comparison test. Significance 

was set at p < 0.05 and the statistical test was performed using the software package SPSS (SPSS 

15.0 for Windows, 2006; SPSS, Chicago, IL, USA). 

 

2.2 Sample preparation 

The fresh and cryopreserved samples were obtained from the same ejaculate collected from six 

different males. Only ejaculates that exhibited a white colour, a minimum sperm volume of 0.75 mL, 

a sperm concentration higher than 450 × 106 spermatozoa/mL, and total and progressive motility rate 

higher than 80% and 75% respectively, were used for the experiment. 

To obtain seminal plasma at least 0.25 mL of fresh and 0.5 mL of frozen/thawed semen were 

centrifuged at 7400 × g for 10 min at 4°C, followed by centrifugation of the supernatant for 10 min 

at 12000 x g. Then, the supernatants were supplemented with 4% (v/v) of protease inhibitor cocktail 

(Roche, Mannheim, Germany) and frozen at –196°C in liquid nitrogen (LN2) until further use. To 
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extract proteins from spermatozoa, instead, the resulting pellets were washed twice by centrifugation 

at 900 × g for 10 min at 22°C in PBS. The supernatant was discarded. The pellet was then resuspended 

in 100 µL of lysis buffer (7 M urea, 2 M thiourea, and 2% [w/v] 3-[(3-cholamidopropyl)-

dimethylammonio]-1 propanesulfonate [CHAPS]), supplemented with 2% (v/v) ampholytes in the 

range of pH 3-10 (Sigma-Aldrich, St. Louis, USA) and 4% (v/v) protease inhibitor cocktail, and 

sonicated on ice 6 times for 5 s at 30% amplitude, using a HD 2070 Sonoplus Ultrasonic 

Homogenizers (Bandelin electronic GmbH & Co. KG Heinrichstraße, Berlin).  After sonication, the 

solutions were kept in ice for 1 h and centrifuged for 10 min at 7400 × g at 4°C. Protein lysates 

(supernatant) were stored at -196°C in LN2, until analysis. 

Before the proteomic analysis, proteins were subjected to a cleaning procedure using a Clean-Up Kit 

(GE Healthcare, Uppsala, Sweden) according to the manufacturer’s protocol. Total protein 

concentration before and after the cleaning procedure was measured by a Coomassie (Bradford) 

Protein Assay Kit (Thermo Scientific, Waltham, MA) with bovine serum albumin as standard. 

 

2.3 Fluorescence Labeling of Fresh and Cryopreserved Rabbit Semen (Spermatozoa and Seminal 

Plasma) Samples with CyDyes and 2D-DIGE 

An internal standard was created by mixing equal amounts of protein from fresh and cryopreserved 

spermatozoa extract or seminal plasma. Samples (50 µg) were dissolved in labeling buffer (7 M urea, 

2 M thiourea, 2% [wt/vol] CHAPS, and 30 mM Tris) and labelled along with the internal standard 

with CyDye DIGE Fluor minimal dyes (GE Healthcare) reconstituted in fresh 99.8% anhydrous 

dimethylformamide at a concentration of 50 µg protein to 400 pmol fluor dye (Ünlü et al., 1997). The 

labelling reaction was performed in the dark on ice for 30 min. After the labeling reaction, 

differentially labeled samples (50 µg of Cy2, Cy3, and Cy5 labeled samples) were mixed together 

according to the scheme presented in Table 1. Rehydration buffer (7 M urea, 2 M thiourea, 2% 

CHAPS, 2% immobilized pH gradient [IPG] buffer, 130 mM dithiothreitol [DTT], and 0.002% 

bromophenol blue) was then added to each sample mixture to reach a final volume of 450 µL. 

Differently labelled samples were then loaded on 24-cm Immobiline DryStrips, 3 to 10 nonlinear 

gradient pH range (GE Healthcare), and rehydrated for 12 h. Proteins were then separated by 

isoelectric focusing (IEF) on an Ettan IPGphor apparatus (GE Healthcare) operating at 20°C with 

current limited to 50 µA per strip and the following voltage program: step 1 at 500 V for 7 h, step 2 

at 1,000 V for 1 h in gradient, step 3 at 8,000 V for 3 h in gradient, and step 4 at 8,000 V for 5.36 h 

(total focusing time for spermatozoa extract and seminal plasma of 61,552 and 61,176 V·h, 

respectively). After isoelectric focusing, the strips were equilibrated in SDS equilibration buffer (6 

M urea, 75 mM Tris-HCl [pH 8.8], 29.3% glycerol, 2% SDS, and a trace of bromophenol blue) 
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containing 1% of DTT for 15 min and then in SDS equilibration buffer containing 2.5% of 

iodoacetamide for 15 min. The equilibrated strips were then transferred to precast 2-dimensional 

difference in-gel electrophoresis (2D-DIGE) Ettan DALT Gels, 12.5 (25.5 by 19.6 cm and 1 mm 

thickness; GE Healthcare), and sealed with 0.5% agarose. A second dimension of electrophoresis was 

then run at 150 V, 12 mA/gel, and 1.5 W/gel in an Ettan Dalt-Six apparatus (GE Healthcare) for 16 

h. 
 

Table 1. Mixing and dying scheme of samples of fresh and cryopreserved rabbit semen; n = 6 for each group 

SPZ = spermatozoa  
SP = seminal plasma 
 

2.4 Image Acquisition and Analysis 

After electrophoresis, the gels were scanned with a Typhoon 9500 FLA scanner (GE Healthcare) 

using the parameters suggested by the manufacturer for 2D-DIGE experiments. Image analysis was 

performed using DeCyder Differential Analysis software version 5.02 (GE Healthcare) to identify 

fluorescence intensities of the spots. The DeCyder biological variation analysis module was used to 

detect protein spots and simultaneously match all 12 protein spot maps from 6 gels using the 

following parameters: estimated number of spots was set to 10,000 and minimum spot size to 3,000. 

All protein spots with a p value <0.05 by t-test analysis of any comparison of i) spermatozoa (SPZ) 

from fresh and cryopreserved semen and ii) seminal plasma (SP) from fresh and cryopreserved 

semen, were considered differentially abundant. To properly pick and identify the selected spots, 

DIGE gels were stained using Coomassie Brilliant Blue G-250 (Sigma-Aldrich) followed by spot 

excision and identification using matrix-assisted laser desorption/ionization time-of-flight/time-of-

flight (MALDI-TOF/TOF) mass spectrometry (MS). 

 

2.5 Excision and Spot Identification using MALDI-TOF/TOF 

Protein spots indicated by statistical analysis were manually cut from the gels, put in Eppendorf tubes, 

and destained with 50% acetonitrile (ACN) and 50% ammonium bicarbonate 0.1 M for 1 h at 25°C 

using an Eppendorf ThermoMixer. After that, the wash solution was discarded and the spots were 

dehydrated with 50 uL of absolute ACN for 5 min and air dried. The resulting material was then 

incubated on ice for 20 min with 10 µL of digestion solution containing 0.2 µg/µL trypsin (Promega, 

Gel SPZ mixing scheme Gel SP mixing scheme 
no. Cy2 Cy3 Cy5 no. Cy2 Cy3 Cy5 
1 Pooled Std. SPZ fresh 1 SPZ frozen 3 1 Pooled Std. SP fresh 1 SP frozen 3 
2 Pooled Std. SPZ frozen 1 SPZ fresh  4 2 Pooled Std. SP frozen 1 SP fresh  4 
3 Pooled Std. SPZ fresh 2 SPZ frozen 4 3 Pooled Std. SP fresh 2 SP frozen 4 
4 Pooled Std. SPZ frozen 2 SPZ fresh  5 4 Pooled Std. SP frozen 2 SP fresh  5 
5 Pooled Std. SPZ fresh 3 SPZ frozen 6 5 Pooled Std. SP fresh 3 SP frozen 6 
6 Pooled Std. SPZ frozen 5 SPZ fresh 6 6 Pooled Std. SP frozen 5 SP fresh  6 
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Madison, WI, USA) and 50 mM ammonium bicarbonate, and subsequently digested at 37°C 

overnight. Digested peptides were extracted with 150 µL of 0.1% trifluoroacetic acid (TFA) for 3 h 

at 37°C, sonicated for 10 min and then concentrated and desalted using Zip-Tip C-18 pipette tips 

(Sigma-Aldrich). Each Zip-Tip was first washed with 100% ACN and then equilibrated with 50% 

ACN in 0.1% TFA and finally with 0.1% TFA in water. After washing and equilibration, the peptides 

were loaded onto the Zip Tip and then eluted with 1.5 µL of the matrix solution (5 mg α-cyano-4-

hydroxycinnamic acid, Bruker Daltonics, Bremen, Germany) in 1 mL of 50% acetonitrile in 0.1% 

TFA). This mixture was spotted directly onto the matrix-assisted laser desorption/ ionization target 

plate (MALDI, MT 34 Target Plate Ground Steel; Bruker Daltonics) and left to dry. Additionally, a 

peptide calibration standard (Bruker Daltonics) was spotted using the dried-droplet method with the 

matrix for calibration of the mass spectrometer. The peptide calibration standard was composed of a 

mixture of the following peptides with monoisotopic [M+H+] m/z values: bradykinin 1–7 [757.3992], 

angiotensin II [1046.5418], angiotensin I [1296.6848], substance P [1347.7354], bombesin 

[1619.8223], ACTH clip 1–17 [2093.0862], ACTH clip 18–39 [2465.1983] and somatostatin 28 

[3147.4710]. 

Mass spectra were acquired in the range of 700-3500 m/z, using MALDI-TOF AutoFlex Speed 

TOF/TOF mass spectrometer equipped with a Smartbeam II laser (355 nm, Bruker Daltonics). 

Peptide masses from mass spectrometry analysis and their fragments obtained from MS/MS spectra 

were combined and submitted to bioanalyses searched using Mascot Server (Matrix Science, London, 

UK) and NCBI as the database. The database search criteria were as follows: enzyme: trypsin, fixed 

modification: carbamidomethylation (C) and variable modifications: oxidation (M) peptide mass 

tolerance of 100 ppm, fragment mass tolerance of 0.7 Da and one missed cleavage allowed, which is 

within the range recommended by Gasteiger et al. (2005). The search results were filtered with a 

significant threshold of p < 0.05 and a MASCOT ion score cut-off of ≥ 30. 

 

2.6 Ingenuity pathway analysis  

Using the Ingenuity Pathway Analysis package (IPA; Ingenuity, Mountain View, CA), the gene 

names of identified differentially abundant proteins of rabbit spermatozoa and seminal plasma were 

used to gain insights into the involvement in biological pathway and networks. Each identifier was 

associated with the IPA knowledge base and used to generate networks and perform functional and 

canonical pathway analysis. Fisher’s exact test and Benjamini–Hochberg multiple testing corrections 

were used to calculate the significance (P < 0.05) of functional and canonical pathways of proteins. 
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3. Results 

3.1 Rabbit sperm quality parameters assessment during freezing/thawing procedure 

The average sperm concentration of fresh semen was 580 ± 15 × 106 spermatozoa/mL. 

Sperm quality parameters (total motility, kinematic parameters of motile spermatozoa and sperm 

viability) recorded in fresh semen and after the steps of the freezing/thawing procedure (cooling, 

equilibrating and post-thawing) are shown in Table 2.  

No significant difference was found for all motility parameters and viability in fresh semen when 

compared with prefreezing steps (cooling and equilibrating), except for total motility, where a 

significant decreased (p < 0.05) between fresh and equilibrated semen was observed. After thawing, 

the percentage of total motility, progressive motility and viability were significantly decreased (p < 

0.05), while the kinematic (VAP and VSL) and derived parameters (STR) of motile spermatozoa 

were not significantly affected, except for VCL and an unexpected increase of LIN. 

 

3.2 Rabbit spermatozoa proteome changes during cryopreservation 

Analysis of difference in-gel electrophoresis (DIGE) gels of the fresh and cryopreserved spermatozoa 

groups revealed that 284 protein spots underwent significant (P < 0.05) changes in abundance during 

the freezing process (Figure1). Among these 284 protein spots, we were able to successfully identify 

204 proteins. A representative 2D-DIGE image of an overlay of fresh and cryopreserved spermatozoa 

is shown in Figure 3A.  

Based on the protein abundance fold changes after freezing, 2 general patterns of proteins were 

distinguished. The first pattern consisted of 124 protein spots characterized by a decrease in protein 

abundance, after freezing (Table 3). The 124 protein spots were represented by 69 proteins, where 23 

were identified in more than 1 protein spot, obviously representing protein proteoforms with different 

isoelectric points and/or molecular weights. For example, proteins with the most abundant number of 

proteoforms were acrosin-binding protein (identified in 11 spots), phosphoglycerate mutase 2 (6 

spots), annexin (5 spots), TRPM8 channel-associated factor 3-like (6 spots), heat shock 70 kDa 

protein 1-like (4 spots). The second pattern consisted of 81 protein spots, represented by 43 proteins 

(10 identified in more than 1 protein spot) that on the contrary showed a significant increase in protein 

abundance after freezing (Table 4). Finally, of the 112 proteins identified, 10, recognized as alpha-

enolase isoform X1 (ENO1), outer dense fiber protein 2 precursor (ODF2), actin - cytoplasmic 1 

(ACTB), actin-like protein 7A (ACTL7A), tubulin beta-4A chain (TUBB4A), hemoglobin subunit 

zeta-like (HZB), glyceraldehyde-3-phosphate dehydrogenase, testis-specific isoform X2 (GAPDHS), 

L-amino-acid oxidase, partial (IL4I1), spermatid-specific manchette-related protein 1 isoform X2 

(SMRP1) and clusterin precursor (CLU), were common to either pattern.
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Table 2. Sperm quality parameters recorded for fresh, cooled, equilibrated and post-thawing rabbit semen samples (n=6) 

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Semen quality parameters 

Treatment Total motility 
(%) 

Progressive 
motility (%) 

VCL 

(µm/s) 

VAP 

(µm/s) 

VSL 

(µm/s) 

STR 

(%) 

LIN 

(%) 

Viability 

(%) 

Fresh 89.88 ± 2.31a 75.27 ± 4.73a 96.84 ± 7.57a 52.70 ± 5.25a 40.58 ± 4.18a 70.24 ± 1.99a 41.02 ± 2.00b 92.87 ± 1.63a 

Cooled 86.45 ± 3.53ab 71.49 ± 4.84a 93.64 ± 5.28a 53.04 ± 3.67a 41.57 ± 3.57a 72.00 ± 1.63a 39.68 ± 2.64b 90.49 ± 2.51a 

Equilibrated 

Post-thawing 

81.37 ± 2.36b 

32.14 ± 1.12c 

62.05 ± 4.91a 

15.33 ± 3.10b 

88.42 ± 6.51a 

60.64 ± 11.98b 

48.75 ± 5.04a 

38.07 ± 6.49a 

36.33 ± 4.35a 

28.11 ± 4.97a 

65.44 ± 2.26a 

69.87 ± 2.29a 

38.89 ± 2.53b 

50.99 ± 4.06a  
89.47 ± 2.23a 

72.11 ± 5.46b 
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Table 3. List of differentially expressed proteins in fresh and cryopreserved rabbit spermatozoa (Higher in Fresh) 
 

Master 
No. 

Protein name 
(organism) GENE ID Accesion no. Protein 

score 
No peptides 

(ion score>30) t test Ratio 

  
 

    Fresh vs Frozen 
219 angiotensin-converting enzyme 

isoform 2 precursor  
 (Oryctolagus cuniculus) 
 

ACE2 NP_001164540.1 243 2 0.015 -1.34 

683 PREDICTED: keratin, type I 
cytoskeletal 10 isoform X2 
(Oryctolagus cuniculus) 
 

KRT10 XP_008269696.1 160 2 0.027 -1.54 

727 PREDICTED: L-amino-acid 
oxidase, partial (Oryctolagus 
cuniculus) 

IL4I1 
 

XP_017195962.1 309 3 0.0074 -1.44 

2994 PREDICTED: lysozyme-like protein 
1 (Oryctolagus cuniculus) 

LYZL1 XP_002717336.2 97 2 0.00019 -2.13 

2375 PREDICTED: lysozyme-like protein 
1 (Oryctolagus cuniculus) 

LYZL1 XP_002717336.2 211 2 0.030 -1.66 

839 outer dense fiber protein 2 precursor 
(Oryctolagus cuniculus) 

ODF2 NP_001075515.1 404 4 0.0043 -4.10 

795 outer dense fiber protein 2 precursor 
(Oryctolagus cuniculus) 
 

ODF2 
 

NP_001075515.1 337 4 0.0036 -2.72 

1126 outer dense fiber protein 2 precursor 
(Oryctolagus cuniculus) 

ODF2 NP_001075515.1 312 4 0.024 -1.76 

677 outer dense fiber protein 2 precursor 
(Oryctolagus cuniculus) 

ODF2 NP_001075515.1 411 5 0.012 -2.38 
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2506 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 
 

ACRBP 
 

XP_002712927.1 86 2 0.0010 -1.56 

1771 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP XP_002712927.1 780 8 0.0079 -1.51 

1667 
 

PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP XP_002712927.1 528 5 0.031 -2.26 

1617 PREDICTED: acrosin-binding 
protein  (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 
 

358 4 0.035 -1.52 

1592 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 482 5 0.020 -1.70 

1607 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 510 6 0.0085 -2.21 

1756 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 646 6 0.019 -1.97 

1843 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 151 2 0.040 -1.41 

1812 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 284 3 0.030 -1.25 

1703 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 500 5 0.017 -1.66 

2658 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP 
 

XP_002712927.1 126 2 0.034 -1.41 

        
1085 PREDICTED: zonadhesin isoform 

X1 (Oryctolagus cuniculus) 
ZAN XP_008256210.1 226 3 0.041 -2.17 

1158 PREDICTED: zonadhesin isoform 
X1 (Oryctolagus cuniculus) 

ZAN XP_008256210.1 261 4 0.012 -1.91 
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1040 PREDICTED: nudC domain-
containing protein 3 (Oryctolagus 
cuniculus) 

NUDCD3 XP_017199828.1 351 3 0.048 -1.20 

924 PREDICTED: bleomycin hydrolase 
isoform X2 (Oryctolagus cuniculus) 

BLMH XP_002718949.1 264 2 0.0041 -1.90 

1081 26S protease regulatory subunit 8 
(Oryctolagus cuniculus) 

PSMC5 XP_002719523.1 131 2 0.021 -1.28 

910 PREDICTED: 26S protease 
regulatory subunit 6A (Oryctolagus 
cuniculus) 

PSMC3 XP_002709141.1 151 2 0.024 -1.31 

1669 PREDICTED: spermatid-specific 
manchette-related protein 1 isoform 
X2 (Oryctolagus cuniculus) 

SMRP1 
 

XP_008271500.1 374 3 0.012 -1.19 

1130 PREDICTED: glyceraldehyde-3-
phosphate dehydrogenase, testis-
specific isoform X2 (Oryctolagus 
cuniculus) 

GAPDHS XP_002722284.1 404 3 0.049 -1.83 

1640 glyceraldehyde-3-phosphate 
dehydrogenase (Oryctolagus 
cuniculus) 

GAPD AAA85218.1 207 2 0.012 -1.51 

1096 PREDICTED: actin-like protein 7A 
(Oryctolagus cuniculus) 

ACTL7A XP_002708168.1 382 4 0.033 -1.74 

1087 PREDICTED: alpha-centractin 
(Oryctolagus cuniculus) 

ACTR1A XP_002718680.1 400 3 0.0055 -1.40 

1670 PREDICTED: proteasome subunit 
alpha type-1 (Oryctolagus cuniculus) 

PSMA1 XP_002708872.1 269 3 0.0064 -1.57 

1795 PREDICTED: proteasome subunit 
alpha type-1 (Oryctolagus cuniculus) 

PSMA1 XP_002708872.1 263 2 0.0031 -1.65 

1996 PREDICTED: proteasome subunit 
alpha type-2 (Oryctolagus cuniculus) 

PSMA2 XP_002713818.1 497 5 0.035 -1.33 



 

225 
 

1757 PREDICTED: proteasome subunit 
alpha type-3 (Oryctolagus cuniculus) 

PSMA3 XP_002718317.3 176 2 0.0020 -1.51 

1076 PREDICTED: 26S proteasome non-
ATPase regulatory subunit 11 
isoform X1 (Oryctolagus cuniculus) 

PSMD11 XP_008269289.1 371 3 0.018 -1.17 

820 PREDICTED: cytosolic non-specific 
dipeptidase isoform X1 (Oryctolagus 
cuniculus) 

CNDP2 
 

XP_002713697.1 272 3 0.025 -1.51 

1073 PREDICTED: isocitrate 
dehydrogenase [NADP] cytoplasmic 
(Oryctolagus cuniculus) 

IDH1 XP_002712664.1 191 3 0.011 -1.50 

1255 clusterin precursor (Oryctolagus 
cuniculus) 

CLU NP_001075518.1 159 2 0.030 -1.51 

3000 PREDICTED: 14-3-3 protein 
zeta/delta (Oryctolagus cuniculus) 

 
YWHAZ 

XP_002710764.1 522 5 0.034 -1.36 

1755 PREDICTED: 14-3-3 protein 
zeta/delta (Oryctolagus cuniculus) 

YWHAZ XP_002710764.1 189 2 0.031 -1.22 

1827 PREDICTED: 14-3-3 protein 
zeta/delta (Oryctolagus cuniculus) 

YWHAZ XP_002710764.1 156 2 0.0015 -1.45 

1838b PREDICTED: phosphoglycerate 
mutase 1 (Oryctolagus cuniculus) 

PGAM1 XP_008268517.1 407 4 0.0048 -1.36 

1856 PREDICTED: phosphoglycerate 
mutase 2 (Oryctolagus cuniculus) 

PGAM2 XP_002713891.1 189 2 0.011 -2.82 

1862 PREDICTED: phosphoglycerate 
mutase 2 (Oryctolagus cuniculus) 

PGAM2 XP_002713891.1 599 7 0.037 -1.53 

1869 PREDICTED: phosphoglycerate 
mutase 2 (Oryctolagus cuniculus) 

PGAM2 XP_002713891.1 649 8 0.017 -1.78 

1870 PREDICTED: phosphoglycerate 
mutase 2 (Oryctolagus cuniculus) 

PGAM2 XP_002713891.1 209 2 0.025 -1.75 
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1872 PREDICTED: phosphoglycerate 
mutase 2 (Oryctolagus cuniculus) 

PGAM2 XP_002713891.1 741 6 0.019 -1.87 

1853 PREDICTED: phosphoglycerate 
mutase 2 (Oryctolagus cuniculus) 

PGAM2 XP_002713891.1 502 5 0.0087 -2.94 

1697 PREDICTED: TRPM8 channel-
associated factor 3-like (Oryctolagus 
cuniculus) 

TCAF1 
 

XP_008256333.2 337 3 0.023 -1.33 

275 PREDICTED: TRPM8 channel-
associated factor 3-like (Oryctolagus 
cuniculus) 

TCAF1 
 

XP_008256330.1 274 3 0.039 -2.02 

754 PREDICTED: TRPM8 channel-
associated factor 3-like (Oryctolagus 
cuniculus) 

TCAF1 
 

XP_008256333.2 134 2 0.010 -1.72 

1858b PREDICTED: TRPM8 channel-
associated factor 3-like (Oryctolagus 
cuniculus) 

TCAF1 
 

XP_008256333.2 518 6 0.040 -1.21 

294 PREDICTED: TRPM8 channel-
associated factor 3-like (Oryctolagus 
cuniculus) 

TCAF1 
 

XP_008256330.1 293 3 0.041 -1.58 

702 PREDICTED: TRPM8 channel-
associated factor 3-like (Oryctolagus 
cuniculus) 

TCAF1 
 

XP_008256330.1 417 6 0.049 -1.12 

1730 PREDICTED: annexin A5 
(Oryctolagus cuniculus) 

ANXA5  XP_008266130.1 171 2 0.031 -1.52 

2116 PREDICTED: annexin A5 
(Oryctolagus cuniculus) 

ANXA5  XP_008266130.1 471 5 0.029 -1.81 

2394 PREDICTED: annexin A5 
(Oryctolagus cuniculus) 

ANXA5  XP_008266132.1 141 2 0.019 -1.62 
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32 PREDICTED: annexin A5 
(Oryctolagus cuniculus) 

ANXA5  XP_008266132.1 255 3 0.029 -1.55 

77 PREDICTED: annexin A5 
(Oryctolagus cuniculus) 
 

ANXA5  XP_008266130.1 
 

371 5 0.017 -2.15 

1964 glutathione S-transferase Mu 1 
(Oryctolagus cuniculus) 

GSTM1  
 

NP_001075721.1 335 3 0.025 -1.74 

1966 glutathione S-transferase Mu 1 
(Oryctolagus cuniculus) 

GSTM1  
 

NP_001075721.1 293 3 0.0024 -2.20 

1965 PREDICTED: glutathione S-
transferase Mu 1 (Oryctolagus 
cuniculus) 

GSTM1  
 

XP_008262951.1 
 

438 3 0.025 -1.56 

1956 PREDICTED: glutathione S-
transferase Mu 3 (Oryctolagus 
cuniculus) 

GSTM3 
 

XP_002715838.3 191 3 0.017 -1.72 

2007 PREDICTED: glutathione S-
transferase Mu 3 (Oryctolagus 
cuniculus) 
 

GSTM3  
 

XP_002715838.3 196 2 0.027 -1.69 

1107 PREDICTED: phosphoglycerate 
kinase 2 (Oryctolagus cuniculus) 

PGK2 XP_002714537.1 622 7 0.0011 -1.65 

1115 PREDICTED: phosphoglycerate 
kinase 2 (Oryctolagus cuniculus) 

PGK2 XP_002714537.1 454 3 0.0024 -2.28 

1097 PREDICTED: phosphoglycerate 
kinase 2 (Oryctolagus cuniculus) 

PGK2 XP_002714537.1 280 3 0.0045 -1.53 

1942 PREDICTED: peroxiredoxin-6 
(Oryctolagus cuniculus) 

PRDX6  XP_002715038.1 487 6 0.011 -1.77 
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750 acrosin precursor (Oryctolagus 
cuniculus) 

ACR NP_001075805.1 559 5 0.042 -1.33 

838 acrosin precursor (Oryctolagus 
cuniculus) 

ACR NP_001075805.1 828 7 0.036 -1.52 

730 acrosin precursor (Oryctolagus 
cuniculus) 

ACR NP_001075805.1 244 2 0.0074 -2.42 

549 PREDICTED: zona pellucida sperm-
binding protein 3 receptor 
(Oryctolagus cuniculus) 

ZP3R XP_017203097.1 171 2 0.016 -1.43 

595 PREDICTED: arylsulfatase A 
(Oryctolagus cuniculus) 

ARSA XP_002723273.1 247 3 0.011 -2.21 

573 PREDICTED: arylsulfatase A 
(Oryctolagus cuniculus) 

ARSA  XP_002723273.1 224 2 0.027 -1.52 

601 PREDICTED: arylsulfatase A 
(Oryctolagus cuniculus) 

ARSA XP_002723273.1 345 3 0.0083 -2.02 

638 PREDICTED: T-complex protein 1 
subunit epsilon isoform X1 
(Oryctolagus cuniculus) 

CCT5 XP_002714145.1 584 4 0.043 -1.21 

696 T-complex protein 1 subunit alpha 
(Oryctolagus cuniculus) 

TCP1 NP_001156586.1 220 3 0.0026 -1.15 

667 PREDICTED: T-complex protein 1 
subunit theta isoform X2 
(Oryctolagus cuniculus) 

CCT8 XP_008265380.1 806 8 0.013 -1.31 

562 PREDICTED: T-complex protein 1 
subunit gamma (Oryctolagus 
cuniculus) 

CCT3 XP_002715423.1 248 4 0.0057 -1.63 

792 T-complex protein 1 subunit eta 
(Oryctolagus cuniculus) 

CCT7 NP_001135732.1 230 2 0.0032 -1.58 
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790 T-complex protein 1 subunit beta 
(Oryctolagus cuniculus) 
 

CCT2 NP_001135734.1 464 4 0.042 -1.26 

881 RecName: Full=Heat shock protein 
HSP 90-alpha (Oryctolagus 
cuniculus) 

HSP90AA1 sp|P30946.2 240 2 0.0093 -2.19 

1678 PREDICTED: heat shock protein 
beta-1 (Oryctolagus cuniculus) 

HSPB1 XP_002711951.1 149 2 0.0031 -1.71 

297 PREDICTED: heat shock 70 kDa 
protein 1B (Oryctolagus cuniculus) 
 

HSPA1B XP_002714331.1 249 2 0.021 -1.65 

554 PREDICTED: LOW QUALITY 
PROTEIN: heat shock 70 kDa 
protein 1-like (Oryctolagus 
cuniculus) 

HSPA1L XP_008260823.1 164 3 0.034 -1.14 

561 PREDICTED: LOW QUALITY 
PROTEIN: heat shock 70 kDa 
protein 1-like (Oryctolagus 
cuniculus) 

HSPA1L XP_008260823.1 219 2 0.0068 -1.42 

558 PREDICTED: LOW QUALITY 
PROTEIN: heat shock 70 kDa 
protein 1-like (Oryctolagus 
cuniculus) 

HSPA1L XP_008260823.1 501 5 0.012 -1.21 

560 PREDICTED: LOW QUALITY 
PROTEIN: heat shock 70 kDa 
protein 1-like (Oryctolagus 
cuniculus) 

HSPA1L XP_008260823.1 200 3 0.0028 -1.63 

714 PREDICTED: methylmalonate-
semialdehyde dehydrogenase 
[acylating], mitochondrial isoform 
X2 (Oryctolagus cuniculus) 

ALDH6A1 XP_017204871.1 156 2 0.050 -1.15 
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681 PREDICTED: peroxisomal N(1)-
acetyl-spermine/spermidine oxidase 
isoform X2 (Oryctolagus cuniculus) 

PAOX XP_002718814.3 496 5 0.0018 -1.65 

663 PREDICTED: peroxisomal N(1)-
acetyl-spermine/spermidine oxidase 
isoform X2 (Oryctolagus cuniculus) 

PAOX XP_002718814.3 254 2 0.0051 -1.80 

620 PREDICTED: zona pellucida sperm-
binding protein 3 receptor 
(Oryctolagus cuniculus) 

ZP3R XP_017203097.1 160 2 0.00050 -1.64 

2697 PREDICTED: hemoglobin subunit 
zeta-like (Oryctolagus cuniculus) 

HBZ XP_002723955.1 628 5 0.034 -2.24 

2669 PREDICTED: hemoglobin subunit 
zeta-like (Oryctolagus cuniculus) 

HBZ XP_002723955.1 194 2 0.0028 -2.99 

1700 
PREDICTED: inositol 
monophosphatase 1 isoform X1 
(Oryctolagus cuniculus) 

IMPAI 
 

XP_002710704.1 
 

168 2 0.0012 -1.38 

1800 protein disulfide-isomerase A3 
(Oryctolagus cuniculus) 

PDIA3 NP_001164786.1 514 6 0.022 -1.25 

1821 albumin, partial (Sus scrofa) ALB CAA30970.1 229 3 0.0041 -1.56 

1742 albumin, partial (Sus scrofa) ALB CAA30970.1 291 3 0.027 -1.42 

1117 PREDICTED: pyruvate 
dehydrogenase E1 component 
subunit alpha, testis-specific form, 
mitochondrial (Oryctolagus 
cuniculus) 

PDHA2 XP_002717019.1 130 2 0.0014 -1.34 

2134 phosphatidylethanolamine-binding 
protein 1 (Oryctolagus cuniculus) 

PEBP1 NP_001075612.1 223 3 0.0066 -1.50 
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943 creatine kinase B-type (Oryctolagus 
cuniculus) 

CKB NP_001075730.1 336 4 0.0034 -1.79 

2622 PREDICTED: uncharacterized 
protein LOC100359206 
(Oryctolagus cuniculus) 

LOC100359206 XP_002713251.1 277 4 0.0038 -1.66 

1563 PREDICTED: uncharacterized 
protein LOC100359206 
(Oryctolagus cuniculus) 
 

LOC100359206 XP_002713251.1 297 4 0.027 -1.48 

641 hyaluronidase PH-20 (Oryctolagus 
cuniculus) 

SPMA1 NP_001348401.1 122 2 0.00093 -1.57 

240 PREDICTED: transitional 
endoplasmic reticulum ATPase 
(Oryctolagus cuniculus) 

VCP XP_002708056.1 268 2 0.036 -1.67 

2619 nerve growth factor (Oryctolagus 
cuniculus) 

NGF ASR92152.1 275 3 0.041 -1.44 

1438 PREDICTED: alpha-enolase isoform 
X1 (Oryctolagus cuniculus) 

ENO1 XP_017202095.1 359 3 0.036 -1.80 

1022 PREDICTED: tubulin beta-4A chain 
(Oryctolagus cuniculus) 

TUBB4A XP_008251124.1 215 2 0.0054 -1.46 

2282 PREDICTED: tubulin 
polymerization-promoting protein 
family member 2 (Oryctolagus 
cuniculus) 

TPPP2 XP_002717928.1 207 2 0.048 -1.46 

569 PREDICTED: EH domain-
containing protein 4 (Oryctolagus 
cuniculus) 

EHD4 XP_002718009.3 300 4 9.8e-005 -1.34 

1774 aldo-keto reductase family 1 member 
B1 (Oryctolagus cuniculus) 

AKR1B1 NP_001075756.1 220 2 0.0036 -1.54 
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1492 aldo-keto reductase family 1 member 
B1 (Oryctolagus cuniculus) 

AKR1B1 NP_001075756.1 308 3 0.043 -1.64 

1499 aldose reductase (EC 1.1.1.21), 
partial (Oryctolagus cuniculus) 

AKR1B1 AAA31157.1 397 3 0.011 -1.54 

812 PREDICTED: tektin-5 (Oryctolagus 
cuniculus) 

TEKT5 XP_002711794.2 333 2 0.025 -1.22 

848 PREDICTED: tektin-2 (Oryctolagus 
cuniculus) 

TEKT2 XP_002720733.1 404 5 0.0040 -1.70 

2164 PREDICTED: calcium-binding 
tyrosine phosphorylation-regulated 
protein isoform X1 (Oryctolagus 
cuniculus) 

CABYR XP_008259373.1 253 2 0.0065 -2.95 

1373 actin, cytoplasmic 1 (Oryctolagus 
cuniculus) 

ACTB NP_001095153.1 209 3 0.013 -1.40 

1584 actin, cytoplasmic 1 (Oryctolagus 
cuniculus) 

ACTB NP_001095153.1 207 2 0.0076 -1.91 

2001 PREDICTED: cytosolic 5'-
nucleotidase 1B isoform X1 
(Oryctolagus cuniculus) 

NT5C1B XP_002710089.1 159 2 0.013 -1.94 

1371 PREDICTED: cytosolic 5'-
nucleotidase 1B isoform X1 
(Oryctolagus cuniculus) 

NT5C1B XP_002710089.1 214 2 0.018 -2.17 

963 PREDICTED: dynactin subunit 2 
isoform X3 (Oryctolagus cuniculus) 
 

DCTN2 XP_002720964.1 389 5 0.023 -1.35 

1327 PREDICTED: isocitrate 
dehydrogenase [NAD] subunit alpha, 
mitochondrial isoform X1 
(Oryctolagus cuniculus) 
 

IDH3A 
 

XP_002721637.1 178 2 0.028 -1.23 
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Ratio Fresh vs Frozen -  a negative ratio denotes proteins less abundant after freezing 
  

2621 PREDICTED: LOW QUALITY 
PROTEIN: D-dopachrome 
decarboxylase (Oryctolagus 
cuniculus) 
 

DDT XP_008248400.1 204 2 0.0026 -1.63 
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Table 4. List of differentially expressed proteins in fresh and cryopreserved rabbit spermatozoa (Higher in Cryopreserved)  

Master 
No. 

Protein name 
(organism) GENE ID Accesion no. Protein 

score 
No peptides 

(ion score>30) t test Ratio 

       Frozen vs Fresh 
343 PREDICTED: MICOS 

complex subunit MIC60 
isoform X2 (Oryctolagus 
cuniculus) 
 

IMMT XP_008252382.1 617 6 0.036     1.35  

873 PREDICTED: tubulin beta 
chain (Oryctolagus cuniculus) 

TUBB XP_002714405.1 554 5 0.009 1.37  

868 PREDICTED: tubulin beta-2A 
chain (Oryctolagus cuniculus) 

TUBB2A XP_002721000.1 520 4 0.011 1.34  

837 PREDICTED: tubulin beta-2A 
chain (Oryctolagus cuniculus) 

TUBB2A XP_002721000.1 613 4 0.006 1.37  

901 PREDICTED: tubulin beta-2A 
chain (Oryctolagus cuniculus) 

TUBB2A XP_002721000.1 491  3 0.033 1.43  

768 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 553 6 0.013 1.26  

704 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 609 5 0.005 1.36  

512 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 
 

TUBA3 XP_008250340.1 206 2 0.050 1.70  
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680 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 594 6 0.009 1.32  

782 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 985 8 0.008 1.36  

775 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 1060 8 0.006 1.33  

689 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 697 7 0.020 1.32  

724 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 815 8 0.003 1.41  

757 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 1150 9 0.005 1.38  

713 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 685 6 0.002 1.40  

764 PREDICTED: tubulin alpha-3 
chain (Oryctolagus cuniculus) 

TUBA3 XP_008250340.1 1010 7 0.002 1.33  

514 PREDICTED: tubulin alpha-3 
chain [Oryctolagus cuniculus] 

TUBA3 XP_008250340.1 463 5 0.027 1.44  

793 PREDICTED: tubulin beta-4A 
chain (Oryctolagus cuniculus) 

TUBB4A XP_008251124.1 544 5 0.003 1.46  

672 PREDICTED: 60 kDa heat 
shock protein, mitochondrial 
(Oryctolagus cuniculus) 

HSPD1 XP_002712414.1 466 4 0.011 1.30  

517 PREDICTED: 78 kDa glucose-
regulated protein (Oryctolagus 
cuniculus) 

HSPA5 XP_017205553.1 437 3 0.003 1.48  

244 PREDICTED: endoplasmin 
(Oryctolagus cuniculus) 

HSP90B1 XP_008255217.1 335 4 0.009 1.47  
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418 PREDICTED: NADH-
ubiquinone oxidoreductase 75 
kDa subunit, mitochondrial 
(Oryctolagus cuniculus) 

NDUFS1 XP_002712620.1 493 4 0.016 1.27  

         
409 PREDICTED: LOW 

QUALITY PROTEIN: leucine-
rich repeat-containing protein 
37A (Oryctolagus cuniculus) 

LRRC37A XP_008269812.2 194 2 0.011 2.45  

1016 PREDICTED: fructose-
bisphosphate aldolase A 
isoform X1 (Oryctolagus 
cuniculus) 

ALDOA XP_017197922.1 254 2 0.021 1.28  

1024 PREDICTED: fructose-
bisphosphate aldolase A 
isoform X1 (Oryctolagus 
cuniculus) 

ALDOA XP_017197922.1 485 4 0.037 1.24  

1015 PREDICTED: fructose-
bisphosphate aldolase A 
isoform X1 (Oryctolagus 
cuniculus) 

ALDOA XP_017197922.1 474 5 0.016 1.29  

1006 Chain A, Fructose-
bisphosphate Aldolase A 

ALDOA pdb|3BV4|A 252 3 0.005 1.38  

1005 PREDICTED: fructose-
bisphosphate aldolase A 
isoform X1 [Oryctolagus 
cuniculus] 

ALDOA XP_017197922.1 516 4 0.010 1.28  

1109 actin, cytoplasmic 1 
(Oryctolagus cuniculus) 

ACTB NP_001095153.1 342 4 0.017 1.31  

1482 actin, cytoplasmic 1 
(Oryctolagus cuniculus) 

ACTB NP_001095153.1 186 2 0.048 1.31  

1128 
 

actin, cytoplasmic 1 
(Oryctolagus cuniculus) 

ACTB NP_001095153.1 360 4 0.010 1.31  
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1094 actin, cytoplasmic 1 
(Oryctolagus cuniculus) 

ACTB NP_001095153.1 143 2 0.044 1.21  

2529 actin, cytoplasmic 1 
(Oryctolagus cuniculus) 

ACTB NP_001095153.1 247 2 0.047 1.14  

1108 actin, cytoplasmic 1 
(Oryctolagus cuniculus) 

ACTB NP_001095153.1 252 3 0.005 1.41  

1136 actin, cytoplasmic 1 
(Oryctolagus cuniculus) 

ACTB NP_001095153.1 257 3 0.040 1.18  

988 PREDICTED: adenylate kinase 
8 (Oryctolagus cuniculus) 

AK8 XP_008247299.1 304 4 0.005 1.45  

1229 casein kinase II subunit alpha 
(Oryctolagus cuniculus) 

CSNK2A1 NP_001153756.1 331 3 0.007 1.73  

882 PREDICTED: glyceraldehyde-
3-phosphate dehydrogenase, 
testis-specific isoform X2 
(Oryctolagus cuniculus) 

GAPDHS XP_002722284.1 217 2 0.003 1.35  

1415 PREDICTED: zona pellucida-
binding protein 1 (Oryctolagus 
cuniculus) 

ZPBP XP_008246643.1 638 7 0.045 1.24  

1378 PREDICTED: zona pellucida-
binding protein 1 (Oryctolagus 
cuniculus) 

ZPBP XP_008246643.1 332 4 0.047 1.19  

1543 mitochondrial malate 
dehydrogenase 2, NAD, partial 
(Oryctolagus cuniculus) 

ME2 ABD77287.1 239 2 0.032 1.36  

1541 mitochondrial malate 
dehydrogenase 2, NAD, partial 
(Oryctolagus cuniculus) 

ME2 ABD77287.1 236 4 0.021 1.30  
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1525 PREDICTED: radial spoke 
head protein 9 homolog 
isoform X1 (Oryctolagus 
cuniculus) 

RSPH9 XP_002714484.1 454 5 0.010 1.35  

1242 PREDICTED: radial spoke 
head 1 homolog (Oryctolagus 
cuniculus) 

RSPH1 XP_002723891.2 236 4 0.017 1.77  

1547 clusterin precursor 
(Oryctolagus cuniculus) 

CLU NP_001075518.1 358 4 0.012 1.22  

1522 PREDICTED: clusterin isoform 
X2 (Oryctolagus cuniculus) 

CLUAP1 XP_008272135.1 259 2 0.004 1.41  

1384 PREDICTED: seminal plasma 
protein BSP-30 kDa 
(Oryctolagus cuniculus) 

D623_10017573 XP_008251294.1 299 4 0.024 2.03  

1418 PREDICTED: seminal plasma 
protein BSP-30 kDa 
(Oryctolagus cuniculus) 

D623_10017573 XP_008251294.1 456 4 0.003 2.29  

1462 PREDICTED: seminal plasma 
protein BSP-30 kDa 
(Oryctolagus cuniculus) 

D623_10017573 XP_008251294.1 362 3 0.005 2.00  

1448 PREDICTED: seminal plasma 
protein BSP-30 kDa 
(Oryctolagus cuniculus) 

D623_10017573 XP_008251294.1 246 2 0.043 1.75  

1444 PREDICTED: seminal plasma 
protein BSP-30 kDa 
(Oryctolagus cuniculus) 

D623_10017573 XP_008251294.1 368 3 0.008 1.77  

1322 PREDICTED: seminal plasma 
protein BSP-30 kDa 
[Oryctolagus cuniculus] 

D623_10017573 XP_008251294.1 198 4 0.014 2.01  

1348 seminal plasma protein BSP-30 
kDa [Oryctolagus cuniculus] 

D623_10017573 XP_008251294.1 118 2 0.020 1.31  
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538 PREDICTED: L-amino-acid 
oxidase, partial [Oryctolagus 
cuniculus] 

IL4I1 
 

XP_017195962.1 262 2 0.002 1.45  

2790 PREDICTED: L-amino-acid 
oxidase, partial (Oryctolagus 
cuniculus) 

IL4I1 
 

XP_017195962.1 249 2 0.043 1.47  

2090 PREDICTED: L-amino-acid 
oxidase, partial (Oryctolagus 
cuniculus) 

IL4I1 
 

XP_017195962.1 291 2 0.014 1.24  

2493 PREDICTED: hemoglobin 
subunit zeta-like (Oryctolagus 
cuniculus) 

HBZ 
 

XP_017195514.1 438 3 0.020 1.95  

2875 PREDICTED: sperm-
associated acrosin inhibitor 
(Oryctolagus cuniculus) 

SERPINA5 
 

XP_017197098.1 213 2 0.0002 1.93  

2999 PREDICTED: coiled-coil 
domain-containing protein 173 
isoform X2 (Oryctolagus 
cuniculus) 

CCDC173 XP_008256941.1 245 4 0.017 1.43  

2695 TPA: globin E3 (Oryctolagus 
cuniculus) 

GLNE3 SAI82239.1 642 5 0.012 1.51  

2748 PREDICTED: dynein light 
chain 1, cytoplasmic isoform 
X1 (Oryctolagus cuniculus) 

DYNC1I1 XP_017204986.1 242 4 0.035 1.42  

2810 PREDICTED: dynein light 
chain 1, cytoplasmic isoform 
X1 (Oryctolagus cuniculus) 

DYNC1I1 XP_017204986.1 191 2 0.027 1.38  

1891 PREDICTED: dynein light 
chain 1, cytoplasmic isoform 
X1 [Oryctolagus cuniculus] 

DYNC1I1 XP_017204986.1 331 3 0.034 1.19  

2862 PREDICTED: dynein light 
chain 1, cytoplasmic isoform 
X1 [Oryctolagus cuniculus] 

DYNC1I1 XP_017204986.1 197 2 0.037 1.43  
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1566 PREDICTED: triosephosphate 
isomerase isoform X1 
(Oryctolagus cuniculus) 

TPI1 XP_002712957.1 636 7 0.013 1.24  

2995 PREDICTED: alpha-enolase 
isoform X3 (Oryctolagus 
cuniculus) 

ENO1 XP_017202096.1 777 6 0.0006 2.09  

1018 PREDICTED: alpha-enolase 
isoform X3 (Oryctolagus 
cuniculus) 

ENO1 XP_017202096.1 880 7 4.1e-005 1.97  

1023 PREDICTED: 1,4543A-like 
with coiled-coils protein 1 
(Oryctolagus cuniculus) 

RIBC1 XP_017205241.1 200 3 5.3e-005 1.55  

1759 PREDICTED: F-actin-capping 
protein subunit beta 
(Oryctolagus cuniculus) 

CAPZB XP_017202004.1 248 4 0.037 1.26  

906 PREDICTED: elongation factor 
1-gamma (Oryctolagus 
cuniculus) 

EEF1G XP_008272599.1 214 2 0.020 1.89  

1002 PREDICTED: actin-like 
protein 7A (Oryctolagus 
cuniculus) 

ACTL7A XP_002708168.1 226 2 0.046 1.82  

1346 PREDICTED: LOW 
QUALITY PROTEIN: 
uncharacterized protein 
C12orf60 homolog 
(Oryctolagus cuniculus) 

SMRP1 
 

XP_008257809.1 173 3 0.028 1.17  

         
977 PREDICTED: tektin-1 

[Oryctolagus cuniculus] 
TEKT1 XP_002718897.1 241 2 0.002 1.40  

1749 PREDICTED: prohibitin 
[Oryctolagus cuniculus] 

PHB XP_008269544.1 305 3 0.008 1.31  
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980 PREDICTED: sperm-
associated antigen 6 
[Oryctolagus cuniculus] 

SPAG6 XP_008266498.1 242 2 0.009 1.94  

1817 PREDICTED: enoyl-CoA 
hydratase, mitochondrial 
[Oryctolagus cuniculus] 

ECHS1 XP_008268866.1 286 2 0.010 1.19  

1144 outer dense fiber protein 2 
precursor [Oryctolagus 
cuniculus] 

ODF2 NP_001075515.1 235 2 0.012 2.08  

1624 PREDICTED: 3-
hydroxyisobutyrate 
dehydrogenase [Oryctolagus 
cuniculus] 

HIBADH XP_002713776.1 497 4 0.017 1.28  

1114 gamma non-muscle actin 
[Oryctolagus cuniculus] 

ACTG1 CAA43140.1 188 2 0.018 1.45  

1270 PREDICTED: cilia- and 
flagella-associated protein 161 
isoform X2 [Oryctolagus 
cuniculus] 

CFAP161 XP_008273513.1 381 4 0.041 1.39  

1105 PREDICTED: actin-related 
protein T3 [Oryctolagus 
cuniculus] 

ACTRT3 XP_002716430.1 218 2 0.047 1.18  

 
Ratio Frozen vs Fresh - a positive ratio denotes proteins more abundant after freezing  
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3.3 Rabbit seminal plasma proteome changes during cryopreservation 

Analysis of difference in-gel electrophoresis (DIGE) gels of the fresh and cryopreserved seminal 

plasma (or extracellular seminal fluid) groups revealed that 40 protein spots underwent significant (p 

< 0.05) changes in abundance during the freezing process (Figure 2). All were successfully identified. 

A representative 2D-DIGE image of an overlay of fresh and cryopreserved seminal plasma is shown 

in Figure 3B.  

Based on the protein abundance fold changes after freezing, 2 general patterns of proteins were 

distinguished. The first pattern consisted of 9 protein spots (represented by 4 proteins) and was 

characterized by a decrease in protein abundance after freezing (Table 5). Changes in 5 proteoforms 

of Chain A - Serum Albumin (ALB) and 2 proteoforms of beta-galactosidase (GLB1) were detected. 

The second one consisted of 31 protein spots (represented by 24 proteins) that showed a significant 

increase in protein abundance after freezing (Table 6). In this case, 3 proteoforms of acrosin-binding 

protein (ACRBP) and arylsulfatase A (ARSA), and 2 proteoforms of NADP-dependent malic enzyme 

(ME1), phosphoglycerate kinase 2 (PGK2) and actin - cytoplasmic 1 (ACTB) were detected. 

 

3.4 Molecular and cellular functions, pathway analysis and networks of the spermatozoa proteins 

showing changes in abundance 

Proteomic profiling of the differentially abundant proteins of rabbit spermatozoa by IPA showed 

canonical pathway, networks and molecular and cellular functions in terms of p-value and/or score 

(Tables 7). The top canonical pathways affected by cryopreservation of rabbit spermatozoa included, 

glycolysis and gluconeogenesis I, protein ubiquitination pathway, aldosterone signaling in epithelial 

cells and unfolded protein response. All these significant pathways were found to be connected to 

male reproduction. The analysis of “molecular and cellular functions” demonstrated that the majority 

of SPZ proteins were involved in cellular assembly and organization, cell-to cell signaling and 

interaction, post-translational modification, protein folding and cellular movement and cell death and 

survival. The functions were annotated as binding of zona pelucida, binding of sperm, folding protein 

and cell movement. The top network generated by IPA software revealed that SPZ proteins were 

involved in cellular assembly and organization, post-translational modification and protein folding, 

abnormalities and reproductive system disease, RNA damage and repair, RNA post-transcriptional 

modification, in cell morphology. Necrosis was found to be the main regulation effect during sperm 

cryopreservation.  
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Table 5. List of differentially expressed proteins in fresh and cryopreserved rabbit seminal plasma (Higher in Fresh)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ratio Fresh vs Frozen -  a negative ratio denotes proteins less abundant after freezing 
  

Master 
No. 

Protein name 
(organism) GENE ID Accesion no. Protein 

score 
No peptides 

(ion score>30) t test Ratio 
 

       Fresh vs Frozen  

 
4451 

 
PREDICTED: epididymal secretory 
protein E1 (Oryctolagus cuniculus) 

 
NPC2 

 
XP_002719628.1 
 

 
347 

 
4 

 
0.031 

 
-1.36 

 

802 serum albumin precursor 
(Oryctolagus cuniculus) 

ALB NP_001075813.1 1090  9 0.028 -1.23  

4450 Chain A, Serum Albumin 
(Oryctolagus cuniculus) 

ALB pdb|4PO0|A 1290  11 0.027 -1.22  

818 Chain A, Serum Albumin 
(Oryctolagus cuniculus) 

ALB pdb|4PO0|A 1250 10 0.030 -1.22  

788 Chain A, Serum Albumin 
(Oryctolagus cuniculus) 

ALB pdb|4PO0 1160  10 0.030 -1.20  

775 Chain A, Serum Albumin 
(Oryctolagus cuniculus) 

ALB pdb|4PO0|A 1110 8 0.012 -1.20  

789 PREDICTED: beta-galactosidase 
(Oryctolagus cuniculus) 

GLB1 XP_017202258.1 500 5 0.023 -1.28  

781 PREDICTED: beta-galactosidase 
(Oryctolagus cuniculus) 

GLB1 XP_017202258.1 537 5 0.012 -1.28  

663 serotransferrin precursor 
(Oryctolagus cuniculus) 

TF NP_001095164.1 807 7 0.040 -1.20 
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Table 6. List of differentially expressed proteins in fresh and cryopreserved rabbit seminal plasma (Higher in cryopreserved) 

Master 
No. 

Protein name 
(organism) GENE ID Accesion no. Protein 

score 
No peptides 

(ion score>30) t test         Ratio 

       Frozen vs Fresh 
          

1149 T-complex protein 1 subunit beta 
(Oryctolagus cuniculus) 
 

CCT2 NP_001135734.1 
 

346 3 0.00029 3.30  

1165 PREDICTED: T-complex protein 1 
subunit delta (Oryctolagus 
cuniculus) 
 

CCT4 XP_008252579.1 
 

289 2 0.00029 1.89  

1032 PREDICTED: T-complex protein 1 
subunit epsilon isoform X2 
(Oryctolagus cuniculus) 
 

CCT5 XP_008260288.1 
 

237 2 0.0010 2.84  

1096 T-complex protein 1 subunit zeta 
(Oryctolagus cuniculus) 
 

CCT6A NP_001075508.1 432 3 0.00012 2.79  

1050 PREDICTED: T-complex protein 1 
subunit theta isoform X2 
(Oryctolagus cuniculus) 
 

CCT8 XP_008265380.1 623 7 0.00055 
 

2.56  

1557 actin, cytoplasmic 1 (Oryctolagus 
cuniculus) 

ACTB NP_001095153.1 578 6 0.0089 2.03  

1540 actin, cytoplasmic 1 (Oryctolagus 
cuniculus) 
 

ACTB NP_001095153.1 286 2 0.022 1.65  

3934 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 
 

ACRBP XP_002712927.1 139 2 0.00027 16.49  

4449 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP XP_002712927.1 646 7 0.00048 5.61  

2174 PREDICTED: acrosin-binding 
protein (Oryctolagus cuniculus) 

ACRBP XP_002712927.1 
 

614 5 0.0090 5.05  
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2572 PREDICTED: phosphoglycerate 
mutase 2 (Oryctolagus cuniculus) 
 

PGAM2 XP_002713891.1 561 5 0.033 
 

4.71  

904 PREDICTED: zona pellucida sperm-
binding protein 3 receptor 
(Oryctolagus cuniculus) 

ZP3 XP_017203097.1 
 

174 2 0.00050 1.86  

994 PREDICTED: arylsulfatase A 
(Oryctolagus cuniculus) 

ARSA XP_002723273.1 
 

432  5 0.0035 2.36  

993 PREDICTED: arylsulfatase A 
(Oryctolagus cuniculus) 
 

ARSA XP_002723273.1 432 5 0.00059 4.64  

979 PREDICTED: arylsulfatase A 
(Oryctolagus cuniculus) 
 

ARSA XP_002723273.1      345 3 4.7e-005 2.86  

1503 PREDICTED: phosphoglycerate 
kinase 2 (Oryctolagus cuniculus) 
 

PGK2 XP_002714537.1 597 4 0.00020 5.77  

1497 PREDICTED: phosphoglycerate 
kinase 2 (Oryctolagus cuniculus) 

PGK2 XP_002714537.1 253 3 6.9e-005 3.73  

1051 PREDICTED: NADP-dependent 
malic enzyme (Oryctolagus 
cuniculus) 
 

ME1 XP_002714598.1 
 

213 2 0.0022 1.56  

1052 PREDICTED: NADP-dependent 
malic enzyme (Oryctolagus 
cuniculus) 

ME1 XP_002714598.1 523 3 0.011 1.77  

1471 zonadhesin precursor (Oryctolagus 
cuniculus) 
 

ZAN  AAF63342.2 365 3 0.0012 
 

5.61  

885 PREDICTED: LOW QUALITY 
PROTEIN: heat shock 70 kDa 
protein 1-like (Oryctolagus 
cuniculus) 

HSPA1L XP_008260823.1 
 

192 3 1.5e-005 3.60  

725 PREDICTED: heat shock protein 
HSP 90-alpha (Oryctolagus 
cuniculus) 

HSP90AA1 XP_002721768.1 865 9 0.00055 3.14  
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1402 PREDICTED: alpha-enolase isoform 
X1 (Oryctolagus cuniculus) 
 

ENO1 XP_017202095.1 
 

709 5 0.0031 1.70  

1295 PREDICTED: UTP--glucose-1-
phosphate uridylyltransferase 
isoform X1 (Oryctolagus cuniculus) 

UGP2 XP_008252564.1 182  2 0.0031 1.33  

2428 PREDICTED: 14-3-3 protein 
zeta/delta (Oryctolagus cuniculus) 

YWHAZ XP_002710764.1 519 4 0.0066 1.99  

932 PREDICTED: beta-hexosaminidase 
subunit beta (Oryctolagus cuniculus) 

HEXB XP_002721170.1 
 

305  3 0.0082 1.58  

1155 carbonic anhydrase 2 (Oryctolagus 
cuniculus) 

CA2 NP_001182637.1 494 4 0.012 2.24  

1445 PREDICTED: isocitrate 
dehydrogenase [NADP] cytoplasmic 
(Oryctolagus cuniculus) 

IDH1 XP_002712664.1 
 

334  3 0.014 1.23  

1061 
 
 

T-complex protein 1 subunit alpha 
(Oryctolagus cuniculus) 

TCP1 NP_001156586.1 450  5 0.010 1.57  

1079 PREDICTED: peroxisomal N(1)-
acetyl-spermine/spermidine oxidase 
isoform X2 (Oryctolagus cuniculus) 

PAOX XP_002718814.3 237 2 8.9e-005 3.65  

3953 PREDICTED: sperm acrosome 
membrane-associated protein 3 
(Oryctolagus cuniculus) 

SPACA3 XP_017204830.1 197 2 9.4e-005 6.67  

Ratio Frozen vs Fresh - a positive ratio denotes proteins more abundant after freezing 
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Figure 1. Two-dimensional difference in –gel electrophoresis gels showing proteomic profiles of fresh and frozen rabbit spermatozoa. pI = Isoelectric Point; MW = Molecular 
Weight 
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Figure 2. Two-dimensional difference in –gel electrophoresis gels showing proteomic profiles of fresh and frozen rabbit seminal plasma. pI = Isoelectric Point; MW = Molecular 
Weight 
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Figure 3.    Representative 2-dimensional difference in –gel electrophoresis gels, showing the overlay of fresh and cryopreserved spermatozoa (A) and seminal plasma (B).  Fresh 
samples have been labeled with Cy3 dye (green) and cryopreserved samples have been labeled with Cy5 dye (red). pI = Isoelectric Point; MW = Molecular Weight. 
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3.5 Molecular and cellular functions, pathway analysis and networks of the seminal plasma proteins 

showing changes in abundance 

IPA demonstrated that gluconeogenesis I, glycolysis I, BAG2 signaling pathway, and clathrin- and 

caveolar-mediated endocytosis signalings were identified as the main canonical pathways affected by 

cryopreservation in seminal plasma. The majority of SP proteins were involved in functions related 

to cellular assembly and organization, cell-to cell signaling and interaction, post-translational 

modification, protein folding and degradation (Table 8). The functions were annotated as binding of 

zona pelucida, binding of sperm, folding protein, stabilization of protein and cell movement. The top 

enriched molecular network revealed that SP proteins were involved in cell-to-cell signaling and 

interaction, cellular assembly and organization, reproductive system development and Function.  
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Table 7. Results from Ingenuity Pathway Analysis of rabbit spermatozoa proteins 
  

Ingenuity canonical pathways p value Proteins  

 
Glycolysis I 

 
1,69E-13 

 
ENO1, GAPDH, GAPDHS,  ALDOA, PGAM1, PGAM2, PGK2, TPI1 

 

Gluconeogenesis I 1,69E-13 
 

ALDOA, ENO1, GAPDH, GAPDHS, ME2, PGAM1, PGAM2, PGK2 
 

 

Protein Ubiquitination Pathway 2,62E-10 
 

HSP90AA1, HSP90B1, HSPA1A/HSPA1B, HSPA1L, HSPA5, HSPB1, 
HSPD1, PSMA1, PSMA2, PSMA3, PSMC3, PSMC5, PSMD11 
 

 

Unfolded protein response 5,03E-06 HSP90B1, HSPA1A/HSPA1B, HSPA1L, HSPA5, VCP  

Molecular and Cellular Functions/ 
Functions Annotation p value range 

  

Binding of Zona Pellucida 4,98E-24 - 4,98E-24 ACR, ALDOA, ARSA, CCT2, CCT3, CCT5, CCT7, CCT8, 
HSPA1A/HSPA1B, HSPA1L, SPAM1, TCP1, ZAN, ZP3, ZPBP 

 

Binding of Sperm  1,06E-22 - 1,06E-22 
 
 

ACR, ALDOA, ARSA, CCT2, CCT3, CCT5, CT7, CCT8, 
HSPA1A/HSPA1B, HSPA1L, SPAM1, TCP1, ZAN, ZP3, ZPBP 

 

Post-Translational Modification 2,04E-05 - 1,99E-17 
 

CCT2, CCT3, CCT5, CCT7, CCT8, CSNK2A1, HSP90AA1, 
HSPA1A/HSPA1B, HSPA1L, HSPA5, HSPB1, HSPD1, PDIA3, TCP1, VCP 
BLMH, NGF, PSMA1, PSMA2, PSMA3, PSMC3, PSMC5, PSMD11 
 

 

Folding Protein 2,54E-06 – 1,99E-17 CCT2, CCT3, CCT5, CCT7, CCT8, CSNK2A1, HSP90AA1, 
HSPA1A/HSPA1B, HSPA1L, HSPA5, HSPB1, HSPD1, PDIA3, TCP1, VCP  
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Cell Movement 
 
 
 
 
 
Cell Death and Survival 

4,52E-07– 4,20E-15 
 
 
 
 
 
6,50E-07 - 6,87E-11 
 

ACE2, ACTB, AKR1B1, ALB, ALDOA, ANXA5, CLU, CNDP2, CSNK2A1, 
DCTN2, DDT, ENO1, GAPDH, GAPDHS, HSP90AA1, HSP90B1, 
HSPA1A/HSPA1B, HSPA5, HSPB1, HSPD1, IDH1, KRT10, LOX, NGF, 
PDIA3, PEBP1, PGK2, PHB, PRDX6, SERPINA5, SPAG6, TCAF1, TEKT2, 
TPI1, TUBB, VCP, YWHAZ, ZP3 
 
CCT2, CCT3, CCT5, CCT7, CCT8, CLU, ENO1, GAPDH, 
HSPA1A/HSPA1B, HSPA5, NGF, PEBP1, TCP1 

 

Physiological System Development and 
Function 

   

Reproductive System Development and Function 1,066E-22  ACR, ALDOA, ARSA, CCT2, CCT3, CCT5, CT7, CCT8, 
HSPA1A/HSPA1B, HSPA1L, SPAM1, TCP1, ZAN, ZP3, ZPBP 

 

Top Functions associated with network Score   

Cellular Assembly and Organization,  

Post-Translational Modification, Protein Folding 

47  
 

Endocrine System Disorders, Organismal Injury 
and Abnormalities, Reproductive System Disease 

41   

Gene Expression, RNA Damage and Repair, RNA 
Post-Transcriptional Modification 

36   

Cell Morphology, Cellular Function and 
Maintenance, DNA Replication, Recombination, 
and Repair 
 
Cell Death and Survival, Developmental Disorder 

17 
 
 
 

15 

 
 

 

Regulation effect Consistency Score   

Necrosis 1.667 CCT2, CCT3, CCT5, CCT7, CCT8, CLU, HSPA1A/HSPA1B, HSPB1, TCP1  
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Table 8. Results from Ingenuity Pathway Analysis of rabbit seminal plasma proteins 
 

Ingenuity canonical pathways p value Proteins 
 

Gluconeogenesis I 2,71E-08 ENO1, ME1, PGAM2, PGK2 
 

Glycolysis I 4,28E-06  ENO1, PGAM2, PGK2   

BAG2 Signaling Pathway 1,28E-03  HSP90AA1, HSPA1L   

Clathrin-mediated Endocytosis Signaling 1,69E-03 ACTB, ALB, TF  

Caveolar-mediated Endocytosis Signaling 3,65E-03 ACTB, ALB  

    

Molecular and Cellular Functions/ 
Functions Annotation 

p value range   

Binding of Zona Pellucida 6,15E-03 - 1,62E-20 ARSA, CCT2, CCT4, CCT5, CCT6A, CCT8, HSPA1L, TCP1, ZAN, ZP3, 
HEXB, ALB 

 

 

Binding of Sperm 6,15E-03 - 1,14E-19 ARSA, CCT2, CCT4, CCT5, CCT6A, CCT8, HSPA1L, TCP1, ZAN, ZP3, 
TF, ACTB, YWHAZ, NPC2 

 

Post-Translational Modification 4,92E-03 - 2,62E-12 CCT2, CCT4, CCT5, CCT6A, CCT8, HSP90AA1, HSPA1L, TCP1,  
YWHAZ 

 

Folding of Protein 1,23E-03 – 2,62E-12 CCT2, CCT4, CCT5, CCT6A, CCT8, HSP90AA1, HSPA1L, TCP1  

Protein Degradation/ 
Stabilization of Protein 

7,86E-10 - 7,86E-10 CCT2, CCT4, CCT5, CCT6A, CCT8, HSP90AA1, TCP1, TF  

Cell movements 2,21E-03 ENO1, PGAM2, PGK2  
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Physiological System Development and Function    

Reproductive System Development and Function 4,92E-03 – 1,14E -19 ARSA, CCT2, CCT4, CCT5, CCT6A, CCT8, HSPA1L, TCP1, ZAN, ZP3, 
ACRBP, ALB, HEXB, TF, HSP90AA1, PGK2 

 

 

    
Top Functions associated with network Score   

Cell-To-Cell Signaling and Interaction, Cellular 
Assembly and Organization, Reproductive System 
Development and Function     

48   
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4. Discussion 

In this study, for the first time, the whole proteome changes in rabbit sperm (spermatozoa and seminal 

plasma) occurring during cryopreservation and thawing process were described, using a combined 

approach 2D-DIGE coupled with MALDI TOF/TOF mass spectrometry.  

In spermatozoa, 112 proteins underwent significant changes during freezing/thawing process. The 

majority of these spermatozoa protein spots decreased in abundance during cryopreservation (n=69), 

although we also observed that a significant number of proteins showed an increase in abundance 

(n=43). At the same way, 28 proteins underwent significant changes in the seminal plasma. Four of 

them decreased in abundance and 24 increased in abundance during cryopreservation. 

 

4.1 Mechanisms involved in protein abundance changes 

So far, research on protein changes in mammalian semen during cryopreservation, revealed two main 

effects, namely the decreases or increases in protein abundances after freezing process (Wang et al., 

2014; Bogle et al., 2017; Ardon and Suarez, 2013; Westfalewicz et al., 2015; He et al., 2016; Chen 

et al., 2014). In agreement with these studies, both behaviours were observed in rabbit spermatozoa 

during cryopreservation process. 

The decrease in the protein levels after cryopreservation could be summarized in two main 

mechanisms, namely protein degradation and cell damage (Bogle et al., 2017). In this latter case, the 

leakage of proteins from inside the spermatozoa to the extracellular fluid has been a commonly 

encountered phenomenon (Brown et al., 1971; Roychoudhury et al., 1975). 

In our study, in the group of 69 spermatozoa proteins, which decreased in abundance after 

cryopreservation, only 17 (TCP1, CCT8, CCT5, CCT2, HSP90AA1, HSPA1L, ENO1, PGAM2, 

PGK2, ZAN, ZP3, ACTB, ACRBP, ARSA, IDH1, PAOX, YWHAZ) showed a parallel increase in 

seminal plasma. These results suggest that both of the above mentioned mechanisms could be 

responsible for the reduction in protein abundance observed in rabbit spermatozoa. 

Unlike the decrease of protein levels in spermatozoa, the increase of protein content after 

cryopreservation might seem a paradoxical phenomenon, because spermatozoa are considered 

transcriptionally and translationally inert cell. However, similar results in human (Wang et al., 2014; 

Bogle et al., 2017), bull (Ardon and Suarez, 2013; Westfalewicz et al., 2015), ram (He et al., 2016) 

and boar (Chen et al., 2014) spermatozoa have recently been reported. Wang et al. (2014), suggested 

that this phenomenon might be linked with protein phosphorylation, a post-translational modification 

that allows the cell to control several cellular processes and an important means of modifying sperm 

functions (Satorre et al., 2007). It has been well documented that capacitation is associated with 
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tyrosine phosphorylation of sperm proteins, in some mammalian species (Luconi et al., 1996; 

Visconti et al., 1995; Galantino-Homer et al., 1997; Flesch et al., 1999; Kumaresan et al., 2012). 

Moreover, it was shown that cooling sperm resulted in changes that were similar to those for sperm 

incubated in a capacitation-supporting medium (in vitro capacitation), indicating capacitation like 

changes during cryopreservation (cryo-capacitation) (Green and Watson, 2001).  

Therefore, it has been accepted that also the cryo-capacitated spermatozoa can show patterns of 

protein tyrosine phosphorylation like the normal in vitro capacitated spermatozoa.  

According to the literature (Naresh and Atreia, 2015), most of the proteins that increased in abundance 

after cryopreservation in our study (tubulins, dynein, actin, outer dense fibers, alpha-enolase and heat 

shock proteins) undergo tyrosine phosphorylation during in vitro capacitation and “cryo-

capacitation” in mammalian spermatozoa. These results strongly suggest that also rabbit sperm 

undergo "cryo-capacitation” phenomena when submitted to freezing procedure, which in turn could 

compromise their fertilizing ability, similarly to what has already been observed in bovine (Cormier 

and Bailey, 2003), buffalo (Kadirvel et al., 2011) and human sperm (Amann et al., 1999). 

Unexpectedly, we also found that 10 proteins (ENO1, ODF2, ACTB, ACTL7A, TUBB4A, HZB, 

GAPDHS, IL4I1, SMRP1 and CLU) were present in both two-dimensional gels of fresh and frozen 

spermatozoa in more than 1 protein spot. Spots identified in fresh spermatozoa group significantly 

decreased after freezing, while those identified in frozen spermatozoa significantly increased in 

abundance. Moreover, the latter spots, excepted for CLU and ODF2, occur at higher molecular weight 

than that of the homologous proteins detected in the two-dimensional gels of fresh spermatozoa. 

According to these observations we speculated that another cryoinjury mechanism, besides to those 

previously described, was responsible for this controversial behaviour. In this regard, the cold-

induced protein denaturation phenomenon was suggested by Ardon and Suarez (2013) to occur in 

cryopreserved bull sperm. Protein cold denaturation often takes the form of rapid aggregation, 

following an initial unfolding and/or dissociation step (Franks, 1995). Therefore, we hypothesized 

that the cryopreservation process has induced the denaturation of some these protein chains, then 

promoting the formation of higher molecular weight protein aggregates observed in the two-

dimensional gels of frozen spermatozoa. 

The proteins identified in both fresh and frozen spermatozoa and seminal plasma were classified, 

according to their molecular and cellular functions, pathways and networks by IPA analysis. In the 

next sections, we discuss the main canonical pathways and sperm functions affected by 

cryopreservation technology. 
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4.2 Glycolysis and gluconeogenesis I pathway  

The first two significant canonical pathways revealed for both spermatozoa and seminal plasma were 

related to energy-producing processes, such as the glycolysis and gluconeogenesis. Energy 

production in sperm is compartmentalized in distinct regions of the flagellum, with mitochondria and 

oxidative phosphorylation restricted to the middle piece and glycolysis, localized in the longest 

segment, known as the principal piece (Eddy et al., 2003). The latter metabolic pathway is composed 

of ten glycolytic enzymes that convert glucose to pyruvate, with a net production of 2 ATPs per 

glucose molecule. In mammalian spermatozoa, compartmentalization of the glycolytic enzymes in 

the principal piece may facilitate energy production along the entire length of the sperm flagellum, 

specifically providing a localized supply of ATP to the dynein ATPases in the axoneme to maintain 

sperm motility and their fertilizing ability (Westhoff e Kamp, 1997; Minelli et al., 1999; Marin et al., 

2003; Mukai and Okuno, 2004; Vemuganti et al., 2007; He et al., 2016). However, when there is little 

substrate for glycolysis, sperm metabolize respiratory substrates (pyruvate and lactic acid) for 

gluconeogenesis in the mid-piece, resulting in glucose production that can diffuse to other regions of 

the sperm flagellum (Mukai and Okuno, 2004) in order to support sperm motility.  

In our study, several enzymes involved in both the glycolysis and gluconeogenesis pathways, 

generally localized to the principal piece region of the flagellum, such as ENO1, GAPDH, GAPDHS, 

ALDOA, PGAM1, PGAM2, PGK2, and TPI1, were lost after freezing/thawing procedure. For some 

of these (ENO1, PGAM2 and PGK2) we have also found an increased expression in rabbit seminal 

plasma, suggesting that these glycolytic enzymes were released from damaged spermatozoa after 

cryopreservation. Such findings clearly demonstrate that the freeze thaw process can disrupt the 

energy supply balance in rabbit sperm, drastically compromising sperm motility, as strongly 

supported by our in vitro data (Table 2). 

 

4.3 Protein ubiquitination pathway  

Ubiquitination is an orchestrated series of enzymatic reactions and likely one of the most versatile 

cellular regulatory mechanisms, controlling numerous physiological and pathological events 

(Ciechanover, 1994). The ubiquitin–proteasome system (UPS) is responsible for regulated, substrate-

specific proteolysis of ~ 75% of all eukaryotic proteins. Ubiquitin is a small chaperone protein that 

covalently modifies other proteins and marks them for degradation by the 26S proteasome, a multi-

subunit protease (Sutovsky, 2011). Ubiquitin-dependent proteolysis plays proven roles in the 

reproductive process, such as sperm cell differentiation inside the testicular seminiferous tubules and 

in the cell cycle control throughout spermatogenesis, oogenesis, fertilization, and embryonic 

development. In addition, ubiquitin emerges as a key player in epididymal sperm quality control and 
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a regulator of mitochondrial inheritance (Sutovsky, 2003; 2011). Important scientific evidence 

suggests the involvement of ubiquitin-proteasome pathway in the zona pellucida (ZP) penetration by 

the acrosome-reacted spermatozoon. Several proteasomal subunits and associated enzymes, able to 

directly interact with the ZP during fertilization, have been detected on the acrosomal surface and 

other sperm structures in both non-mammalian and mammalian spermatozoa (Sutovsky et al., 2004, 

Sakai et al., 2004; Morales et al., 2004; Pasten et al., 2005; Yi et al., 2007b, 2009a, 2009b; 

Zimmerman & Sutovsky, 2009). Reciprocally to the presence and activity of proteasomes in 

spermatozoa, substrates for proteasomal degradation are present on the egg coat in the form of 

ubiquitinated sperm receptor proteins in echinoderms (Yokota & Sawada 2007b), ascidians (Sawada 

et al., 2002a) and mammals (Sutovsky et al., 2004; Zimmerman et al., 2011). Degradation of vitelline 

coat (VC - in echinoderms and ascidians) or ZP (in mammalian) associated sperm receptor proteins 

by sperm-borne proteasomes seems to be important to create a fertilization slit in the VC/ZP (Sawada 

et al. 2002a). In addition to being implicated in the process of sperm–ZP (or VC) penetration, a role 

has been postulated for sperm acrosome-borne proteasomes in the process of sperm capacitation and 

acrosome reaction (Morales et al. 2007, Chakravarty et al. 2008). Therefore, overall studies on sperm 

proteasome indicate that animal fertilization is controlled in part by a unique, gamete associated, 

extracellular UPS. Our research has revealed that many proteins involved in the UPS were down-

regulated after semen cryopreservation, including several subunits of the 26S proteasome (PSMA1, 

PSMA2, PSMA3, PSMC3, PSMC5, PSMD11), suggesting the negative impact of the freezing 

procedure on loss and degradation of these proteins and consequently on fertilizing ability of 

spermatozoa.  

 

4.4 Unfolded protein response-UPR  

In response to several cellular stressors, specific signaling pathways are activated in cells, commonly 

known as the unfolded protein response (UPR) (Doultsinos et al., 2017). UPR is a conserved and 

essential cellular pathway involved in protein quality control. When the amount of unfolded or 

misfolded proteins exceeds the protein-folding capacity, UPR activates specific cellular defence lines, 

including the transcription of heat shock genes (HSP90A, HSPA, HSPD1, and small heat shock 

protein HSP27) (Jovaisaite et al., 2014).  

It is indeed known that heat shock proteins (HSPs) play a prominent role in protein homeostasis 

(proteostasis). Under stress conditions, HSPs can determine the fate of misfolded proteins in the cell, 

promoting its refolding or, if this is not possible, inducing their degradation via the ubiquitin-

proteasome pathway (Chen et al., 2011; Dun et al., 2012). 
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In mammals, the UPR mechanisms responsible for detecting un- or misfolded proteins, resulting from 

the exposure of heat, drugs, environmental chemicals, and other sources, are well described in the 

testes, where a high rate of protein synthesis is active (Ji et al., 2011; Kim et al., 2013; Karna et al., 

2019). Conversely, the presence of proteins involved in UPR in spermatozoa is contentious, 

especially since they are virtually transcriptionally inactive and their translational machinery seems 

to be lost with the residual cytoplasm, during spermatogenesis. Recently, Santiago et al. (2019) 

investigated the presence of UPR components in human spermatozoa and evaluate the activation of 

these stress response pathways in response to oxidative stress in human ejaculated spermatozoa. They 

reported that the levels of several proteins related to UPR and heat shock response (HSF1, HSP90 

and HSP27) increased after oxidative stress induction, similarly to what happens in somatic cells, 

including in the testis (Biggiogera et al., 1996), suggesting the activation of the UPR pathway in 

human spermatozoa. In our study, according to IPA analysis, we identified five UPR-related proteins 

in rabbit sperm and showed, for the first time, an increase in levels of HSP90B1 and HSPA5 in 

cryopreserved sperm. Based on these results and similarly to the recent findings made by Santiago et 

al. (2019), we strongly suggest that the up-regulation of these heat shock proteins (HSPs) after 

freezing procedure could be related to the activation of signaling UPR pathway in rabbit spermatozoa, 

as a defence mechanism to mediate the oxidative stress response induced by cryopreservation process. 

Furthermore, the activation of this specific signaling pathway in our samples supports the hypothesis 

that an increase of the unfolded or misfolded proteins has occurred during cryopreservation process, 

which in turn could have favoured the formation of protein aggregates above mentioned. 

 
4.5 BAG2 Signaling Pathway  

In agreement with the significant loss of proteins belonging to the HSP family in cryopreserved 

semen, increased levels of HSP90AA1 and HSPA1L were found in seminal plasma after 

cryopreservation, likely due to the leakage from damaged spermatozoa. This cluster of proteins was 

associated with the BAG2 signaling pathway, one of the top canonical signaling pathways that 

regulates the interplay between the chaperones from the Hsp70/Hsc70 family and the ubiquitin 

(Riguet et al., 2020). BAG2 interacts with several proteins that are involved in many molecular 

pathways, regulating diverse biological and pathological processes, such as cell apoptosis, tumor 

growth, neuronal differentiation, stress response, cell cycle and signal transduction in several tissues.  

Though many molecular details of these processes remain to be discovered, previous research proved 

that BAG2 works as a chaperone cofactor able to interact with Hsp70/Hsc70. This interaction further 

modulates Hsp70-mediated chaperone activity, and inhibits ubiquitin ligase activity dependent on 

CHIP [Carboxyl terminus of Hsc-70-interacting protein] (Qin et al., 2016). The 70-kDa heat shock 
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proteins (HSP70s) and their regulating cochaperones constitute multifunctional cellular machineries 

essential for proteostasis (Mayer and Bukau, 2005; Brodsky and Chiosis, 2006; Vos et al., 2008; 

Kampinga and Craig, 2010; Kettern et al., 2010; Hartl et al., 2011). Owing to their ability to bind 

hydrophobic protein sequences, HSP70s facilitate proper folding of non-native proteins, 

conformational regulation, sorting, and degradation of client proteins, prevent protein aggregation 

and assist in the assembly of multi-protein complexes (Threes et al., 2001). In this way, Hsp70 family 

members monitor and counteract the accumulation of potentially harmful misfolded polypeptides, 

particularly following exposure of the cell to stressful conditions, such as heat or oxidative stress 

(Hartl, 1996). However, it is to note that the ubiquitin ligase activity of CHIP, a protein that stimulates 

the degradation by the UPS of chaperone substrates Hsp70-mediated, targets not only the bound client 

protein in the assembled complex (Rogon et al., 2014). In absence of enough denatured proteins CHIP 

ubiquitinates HSP70 for degradation, greatly affecting its overall abundance in a cell. (Jiang et al. 

2001; Qian et al. 2006). Chaperone cofactors can stimulate as well as restrict CHIP-mediated protein 

degradation. In mammalian cells the restriction is mediated by the cochaperones HSPBP1 and BAG2. 

Binding of one of these cochaperones to the HSP70/CHIP complex inhibits the ubiquitin ligase 

activity of CHIP (Alberti et al., 2004; Arndt et al., 2005; Dai et al., 2005). Recently, Rogon et al. 

(2014) shown that HSPBP1 knock out severely affects stability of HSP70 protein during stress in 

testis resulting in male sterility in mouse. It is shown that HSBP1 stabilizes inducible HSP70 protein 

(HSPA1L) and testis specific HSP70 protein (HSPA2) by inhibition of ubiquitination and proteasome 

targeting of HSP70. On the other hand, was observed that also BAG2 contributes to the stabilization 

of inducible HSP70 protein in the same way of HSBP1, however it seems to do so only in tissues 

other than testes. Indeed, BAG2 was not detectable in mouse testis lysates, where HSPBP1 was very 

abundantly expressed, in contrast, significant levels of BAG2 were found in brain homogenates 

(Rogon et al. 2014). Therefore, currently there are no evidence that correlate BAG2 signaling 

pathway to the male reproductive system.  However, given the key role that BAG2 plays as regulatory 

mechanism in the control the abundance of inducible members of the HSP70 chaperone family at a 

posttranslational level, the targeted detection of particular components of this pathway in sperm can 

be an interesting topic for further studies. 

 
4.6 Clathrin and Caveolar mediated endocytosis signaling  

Clathrin and caveolar mediated endocytosis signaling are both pathways involved in the endocytic 

entry of extracellular ligands and plasma membrane components, such as proteins and lipids, through 

the formation of intracellular vescicle (Ramanan et al., 2011; Pelkmans and Helenius, 2002). 

Endocytosis and the reverse process of exocytosis are required for a large number of essential cell 
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functions, including nutrient uptake, cell–cell communication, and the modulation of membrane 

composition.  

Clathrin is a component of the coat-formed pits and vesicles involved in receptor-mediated 

endocytosis. In mammals, the presence of clathrin on mature sperm was reported for the first time by 

Domagala et al. (2011) in human and subsequently by Byrne et al. (2012) in bull sperm. Results 

reported in humans, suggested that the clathrin may appear on the sperm surface and serve similar 

biological functions as in somatic cells (Domagala et al., 2011), including receptor sequestration and 

internalization (Orth et al., 2006). Moreover, Sharma et al. (2013a) observed that the clathrin-

mediated endocytosis signaling pathway was suppressed in seminal plasma of men exhibiting 

oxidative stress. However, despite these discovery, the clathrin role in mature sperm still remains to 

be elucidated. 

Similarly to the clathrin mediated endocytosis signalling pathway, an alternative and parallel uptake 

mechanism exist that see the direct involvement of the caveolae in the internalization of membrane 

components (glycosphingolipids and glycosylphosphatidylinositol-anchored proteins) and 

extracellular ligands (folic acid, albumin, autocrine motility factor) (Pelkmans and Helenius, 2002). 

Caveolae typically appear as rounded plasma membrane invaginations of 50–80 nm in diameter, 

characterized by a protein coating composed primarily of caveolin-1 (Rothberg et al., 1992), essential 

for their formation and stability (Fra et al., 1995), although it was observed that caveolae composition, 

appearance and function are cell-type dependent (Pelkmans and Helenius, 2002). Moreover, it was 

suggested that caveolae are rather stable structures that do not have a high basal turnover at the plasm 

membrane (Tagawa et al., 2005; Thomsen et al., 2002). These studies give the impression that 

endocytosis via caveolae is a rare event. Indeed, unlike clathrin-mediated endocytosis, internalization 

through caveolae is a triggered event that involves complex signaling, greatly accelerated by 

phosphatase inhibitors and inhibited by certain kinase inhibitors (Parton et al., 1994; Tiruppathi et 

al., 1997; Puri et al., 2001; Mineo et al., 2001; Tagawa et al., 2005). In endothelial cells was showed 

that binding of albumin to its cell surface receptor, 60-kD glycoprotein (gp60), triggers caveolar 

endocytosis via a Gi-coupled src kinase-mediated pathway (Minshall et al., 2000), making the 

albumin a caveolar marker. Serum albumin (ALB), together with other proteins of the extracellular 

medium, represent a potential cargo for this and other transport processes, as well as the endocytosis 

by clathrin-dependent (Mayor and Pagano, 2007).  

However, although the decrease of ALB and TF in rabbit seminal plasma has been related to these 

pathways in our study, so far there is no evidence in the literature to support that these signaling 

mechanisms are also active in mature sperm cells.  
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In the light of these considerations, the role of clathrin and caveolar mediated endocytosis signaling 

pathways in the decrease of some proteins of the extracellular medium occurred during sperm 

cryopreservation in our study need further investigation. 

 
4.7 Proteins involved in sperm reproductive functions 

Another interesting point that emerged from our study was that the freezing / thawing of rabbit semen 

has induced the loss of different membrane proteins in the fluid extracellular. Among these, IPA 

analysis highlighted numerous proteins are involved in important molecular and cellular functions 

related to reproductive processes, such as cell-to-cell signaling and interaction. In particular, ARSA, 

ZP3R and ZAN play a specific role in the binding of sperm to the ZP (Carmona et al., 2002; Buffone 

et al., 2008; Hardy and Garbers, 1994, 1995), the first step of sperm–egg interaction that culminates 

in fertilization (Yanagimachi, 1994).  

Others important acrosomal proteins with ZP affinity, that reported significant change in abundance 

during cryopreservation, were acrosin (ACR) and acrosin binding protein (ACRBP). ACR is the 

major serine protease of mammalian spermatozoa, located in the acrosomal matrix in its precursor 

form, proacrosin (Hardy et al., 1991). The active enzyme is involved in the lysis of the zona pellucida, 

thus facilitating the penetration of the mammalian spermatozoa through the innermost glycoprotein 

layers of the ovum (Glogowski et al., 1998). In the proacrosin conversion to its mature form is 

involved the ACRBP (Baba et al., 1994), a calcium-dependent phosphoprotein related to boar sperm 

capacitation (Dubé et al., 2003, 2005). This protein, in fact, has the capacity to bind the proacrosin 

zymogen, thereby delaying its maturation (Baba et al., 1994). However, the phosphorylation of 

ACRBP during boar sperm capacitation (Dubé et al., 2003, 2005; Tardif et al., 2001), determines the 

release of the ACR from the acrosome, conceding to the ACRBP a crucial role in the capacitation 

and ACR maturation pathways (Vilagran et al., 2013). With this in mind, Vilagran et al. (2013) 

suggested that the higher amounts of ACRBP, found in boar ejaculate samples with good freezability, 

confer higher acrosome resistance to freeze-thawing procedures through a better regulation of the 

acrosome reaction.  

In our study, a considerable increase of the protein spots (3934, 4449 and 2174) identified as ACRBP 

in cryopreserved seminal plasma were recorded (Table 6). In our opinion, the relevant loss of these 

proteins from damaged spermatozoa cell membranes to seminal plasma reduce natural spermatozoa 

coating, favouring a premature release of ACR from the acrosome, resulting in an impairment of the 

overall fertilizing ability of rabbit sperm. 
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5. Conclusions 

In conclusion, the results of this study revealed for the first time the main pathways and cellular 

functions affected by semen cryopreservation in rabbit. Most of the proteins changed in response to 

cryogenic damages were related to carbohydrate metabolism, protein quality control under oxidative 

stress conditions and reproductive process, such as capacitation, acrosome reaction and sperm-oocyte 

binding. The content alteration of these proteins in sperm and seminal plasma makes cell more 

susceptible to stressor during and after the cryopreservation procedure and cause disturbances in the 

proper fertilization process. 

This new knowledge should be used as basis for the development of improved cryopreservation 

procedures aimed to reduce the sperm cryodamage and significantly increase the semen frozen 

fertilizing ability. 
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The value of the ability to cryopreserve and store germplasm in gene banks has long been recognized 

for indefinite preservation of genetic material, especially for at-risk populations. However, a 

successful cryoconservation program requires the survival of the germplasm through the 

freezing/thawing procedures and the recovery at a success rate that produces sufficient offspring to 

represent the preserved genetic diversity. In this regard, the overall research activities performed 

during the doctoral period, made it possible to overcome some of the challenges related to the use of 

semen cryopreservation within three projects (TuBAvI, Cun-Fu and LIFE Nat.Sal.Mo.), aimed at 

recover of the Italian biodiversity of local turkey and rabbit breeds and the native Mediterranean trout. 

In particular, the systematic investigations carried out on the several factors, known to affect the 

success of semen cryopreservation procedures in these species (basic extenders, P-CPA and N-CPA, 

thawing rates and inseminating doses), contributed to reduce cryodamages and increase the fertilizing 

ability of frozen semen, becoming more and more similar to those of fresh sperm. 

The significant results produced by these research activities, made possible to identify species-

specific reference freezing procedures aimed at supporting the start-up of the first semen cryobanks 

for conservation of Italian poultry and rabbit breeds and native Mediterranean trout populations. 

The material of high genetic value stored in these cryobanks will play key roles for the genetic 

diversity safeguard, in the medium or long term, of this precious Italian heritage that is at risk of 

extinction. In particular, the availability of these valuable semen doses will provide to the breeders 

multiple practical advantages, such as the possibility 1) to increase the effective size of the current 

populations; 2) to allow backup of populations preserved in situ in case of genetic problems 

(inbreeding, genetic drift), environmental catastrophes and epidemics; 3) to improve the genetic 

variability; 4) to reduce the genetic introgression in the native populations at risk. 

Moreover, consistent with research activities aimed to improve the semen cryopreservation 

procedures, the study performed on the comparison of fresh and cryopreserved rabbit semen 

proteomes patterns, provided new knowledge about the biological and physiological mechanisms 

involved in sperm cryodamage. These new insights contribute to reducing the gap still presents 

between the understanding of the mechanisms responsible of semen cryogenic damage and the 

possibility to achieve reproductive performance with frozen semen similar to those of fresh semen. 

Finally, it is known that to ensure the maximum genetic variability during the future artificial breeding 

activities, the material stored in the cryobanks must be as representative as possible of the existing 

genetic diversity. In this regard, the next step forward will be to continue with the semen 

cryopreservation activities in order to expand the current collections, increasing the consistency in 

the number of breed, donors and semen doses involved in the cryobanks. 

 



 

273 
 

LIST OF PUBLICATIONS 

Publications in International Journals with I.F. 
Giusy Rusco, Michele Di Iorio, Pier Paolo Gibertoni, Stefano Esposito, Maurizio Penserini, 

Alessandra Roncarati, Silvia Cerolini and Nicolaia Iaffaldano. Optimization of Sperm 

Cryopreservation Protocol for Mediterranean Brown Trout: A Comparative Study of Non-

Permeating Cryoprotectants and Thawing Rates In Vitro and In Vivo. Animals, 9, 304 (2019). 

https://doi.org/10.3390/ani9060304 

 

Michele Di Iorio, Stefano Esposito, Giusy Rusco, Alessandra Roncarati, Marsia Miranda, Pier 

Paolo Gibertoni, Silvia Cerolini and Nicolaia Iaffaldano. Semen cryopreservation for the 

Mediterranean brown trout of the Biferno River (Molise-Italy): comparative study on the effects 

of basic extenders and cryoprotectants. Scientific Reports, 9, 9703 (2019). 

https://doi.org/10.1038/s41598-019-45006-4 

 

Giusy Rusco, Michele Di Iorio, Roberta Iampietro, Stefano Esposito, Pier Paolo Gibertoni, 

Maurizio Penserini, Alessandra Roncarati and Nicolaia Iaffaldano. A simple and efficient semen 

cryopreservation method to increase the genetic variability of endangered Mediterranean brown 

trout inhabiting Molise rivers. Animals, 10 (3), 403 (2020). https://doi.org/10.3390/ani10030403 

 

Michele Di Iorio, Giusy Rusco, Maria Antonietta Colonna, Michele Schiavitto, Maria Silvia 

D’Andrea, Silvia Cerolini and Nicolaia Iaffaldano. Improving the rabbit semen cryopreservation 

protocol: comparison between two extenders and inseminating doses. Annals of Animal Science, 

2300-8733 (2020a). https://doi.org/10.2478/aoas-2020-0023 

 

Michele Di Iorio, Giusy Rusco, Roberta Iampietro, Maria Antonietta Colonna, Luisa Zaniboni, 

Silvia Cerolini and Nicolaia Iaffaldano. Finding an effective freezing protocol for turkey semen: 

benefits of ficoll as non-permeant cryoprotectant and 1:4 as dilution rate. Animals, 10 (3), 421 

(2020b). https://doi.org/10.3390/ani10030421 

 

Michele Di Iorio, Giusy Rusco, Roberta Iampietro, Lucia Maiuro, Achille Schiavone, Silvia 

Cerolini and Nicolaia Iaffaldano. Validation of the turkey semen cryopreservation by evaluating 

the effect of two diluents and the inseminating doses. Animals, 10 (8), 1329 (2020c). 

https://doi.org/10.3390/ani10081329 



 

274 
 

Publications at Conference/Congress 

Nicolaia Iaffaldano, Michele Di Iorio, Giusy Rusco, Alessandra Roncarati, Pier Paolo Gibertoni, 

Stefano Esposito. “Optimization of the Semen Cryopreservation Protocol for the Safeguard of 

Mediterranean Brown Trout”, 3th National / 1st International Workshop On Gamete Biology In 

Aquaculture (SUGAMET), 19-21/09/2018 - Iskenderun (Turkey). 

 

Michele Di Iorio, Giusy Rusco, Angelo Manchisi, Silvia Cerolini, Nicolaia Iaffaldano. “How can the 

honey improve the post-thaw quality of turkey spermatozoa?”, 23° Congress of the Animal Science 

and Production Association (ASPA), 11-14/06/2019 – Sorrento (Italy). 

 

Michele Di Iorio, Giusy Rusco, Michele Schiavitto, Paola Principe, Angelo Manchisi, Silvia Cerolini 

and Nicolaia Iaffaldano. “First semen cryobank of Italian rabbit breeds”, 23° Congress of the Animal 

Science and Production Association (ASPA), 11-14/06/2019 – Sorrento (Italy). 

 

Nicolaia Iaffaldano, Giusy Rusco, Michele Di Iorio, Roberta Iampietro, Stefano Esposito, Maria 

Silvia D’andrea, Angelo Manchisi, Angela Bănăduc, Vasile Vulpe and Raffaele Coppola. “The 

safeguard and conservation of S. macrostigma through the first european semen cryobank”, Aquatic 

Biodiversity International Conference (ABIC), 25 – 28/09/ 2019 – Sibiu (Romania). 

 

Oral Communication 
Giusy Rusco. “Thawing rate effects on the cryosurvival of Mediterranean brown trout spermatozoa”, 

23° Congress of the Animal Science and Production Association (ASPA), 11-14/06/2019 - Sorrento 

(Italy). In this context, the Candidate received the “ASPA Young Researchers Competition” award 

for the best oral presentation in the “Animal Physiology, Health and Welfare” session.  

 


