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Summary 

Emu farming is based on natural mating that is constrained by a short breeding 

season, monogamy, and male broodiness. These compel farmers to retain an 

excess of males and prevent the mating of elite males with large numbers of 

females, arresting chance of rapid genetic improvement and limiting the future 

development of industry. A solution is to replace natural mating with artificial 

insemination (AI), a technology that has enabled other bird industries to develop 

lines to match management and market needs. However, to be successful, AI 

requires reliable protocols for storage of semen either in liquid or frozen form. To 

date, the protocols for the emu have been less than ideal, with short durations of 

storage and poor sperm survival. 

The general aim of these studies was to improve the outcomes for emu 

spermatozoa during liquid storage and cryopreservation. We hypothesised that 

sperm would be better preserved if we optimised the physical and chemical 

conditions of the storage and freezing protocols. 

With respect to liquid storage, the study evaluated the effects of semen exposure 

to low temperatures (5, 10 or 20 °C) during collection and the effects of three 

storage temperatures (5, 10 or 20 °C) on the sperm survival for 24 – 48 h. Neither 

the collection temperature nor the interactions with storage time or storage 

temperature had any effect on sperm viability, motility or morphology suggesting 

that emu semen may be collected at ambient temperatures (5 to 20 °C) typical of 

the breeding season. On the other hand, both storage temperature and storage time 

affected sperm viability, motility and morphology. After 48 h, the percentages of 

viable, normal and motile sperm did not differ significantly at 5 and 10 °C, and 
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higher than at 20 °C. Beyond 6 h of storage, there was a higher percentage of 

abnormal sperm at 5 °C than at 10 and 20 °C, suggesting that emu semen is better 

preserved at    10 °C than 5 or 20 °C over 48 h storage. 

Next, it was tested whether increasing the [K+] from 12.5 to 80 mMol/L, to the 

levels that reduce sperm motility, would improve the preservation of semen.The 

data showed that, after 48 h of storage at 5 °C, sperm motility progressively 

decreased as [K+] increased but sperm viability and morphology deteriorated 

above 40 mMol/L. Moreover, after 48 h of storage, the outcomes were better at   

10 °C than at 5 or 20 °C with 40 mMol/L K+, suggesting that high [K+] in the 

diluent can improve  sperm survival, with the best outcome being at 10 °C rather 

than 5 or 20 °C. 

In the first study of cryopreservation, the aim was to improve the sperm survival 

during the cooling and equilibration with the cryoprotectant by: 1) minimising 

chilling injury during cooling; 2) determining the osmotic effects of 

dimethylacetamide (DMA), sucrose and trehalose in the range of 300 – 2400 

mOsm/L; and 3) investigating the timing and nature (permanent or transient) of 

cryoprotectant toxicity. The data showed that: a) loss of sperm function during 

cooling can be avoided by diluting semen with a 5 °C diluent; b) emu 

spermatozoa tolerate ≈ 1400 mOsm/L; c) in DI water, DMA permanently changes 

morphology, but no measures of sperm function; and d) equilibration with DMA 

can be reduced to < 10 min. The next study, continued efforts to optimize the 

cryopreservation protocol using the following approaches: 1) Comparison of 

sperm survival at  –140 and –35 °C freezing temperatures in 6% and 9% DMA;  

2) Testing whether combining trehalose with DMA (3 – 9 %) improves survival; 

and c) Identifying the optimum DMA concentration for maximum survival. We 
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found that: 1) freezing at –140 °C is better for survival of emu sperm than at – 35 

°C; 2) that combining trehalose (3 – 9%) and DMA (3 – 9%) is deleterious for 

survival of emu sperm, and 3) that 18% DMA protects emu sperm better than 

other concentrations (6-24%) when added in a two-step method, although sperm 

fertilising ability needs improvement. 

In conclusion, optimisation of the physical and chemical conditions in the storage 

and freezing protocols greatly improves the preservation of emu ejaculates during 

liquid storage and cryopreservation. This is a major step forward in the 

application of AI technology to the emu industry.
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Chapter 1: General Introduction 

Emus, Dromaius novaehollandiae (Latham, 1790), are large flightless 

birds endemic to Australia. They are attractive as a farming proposition for the 

production of meat, oil and skin, because they reproduce efficiently and are 

adapted to hot, dry climates. Commercial emu farming started in 1987 in 

Western Australia and spread across Australia by 1994 (O’Malley, 1997) and 

then caught the attention of farmers across the globe. 

Emu farming, to date, has been based on natural mating in a free-range 

system that is constrained by several natural aspects of the reproductive 

biology of the emu: a short breeding season, monogamy, and male broodiness 

(Malecki et al., 2002). These constraints, particularly the monogamy, compel 

farmers to retain an excess of males in their flock and prevent the mating of 

elite males with large numbers of females in a breeding season, thus arresting 

chance of rapid genetic improvement and limiting the future development of 

industry. In any case, the difficulty in transporting birds from farm to farm 

would restrict the use of elite males. As a consequence, selection of desired 

genetic traits occurs on a limited scale. An obvious solution is to replace 

natural mating with artificial insemination (AI), a technology that has enabled 

other bird industries (turkey, chicken, duck, goose and guinea-fowl industry) to 

develop lines to match management and market needs. The use of AI by the 

emu industry would allow farmers to increase profits by selling unwanted 

males and thus cutting feed costs, or by replacing unwanted males with 

additional females, increasing the production of eggs and chicks. Selling males 

of low genetic merit would also lead to faster genetic improvement. 
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However, to be successful, AI requires reliable standard protocols for 

storage of semen either in liquid (short-term) or frozen (long-term) form. These 

protocols have been well established in many other avian species and have 

been used to accelerate genetic gains on a commercial scale and also for  

preservation of genetic resources and conservation of breeds (Blesbois, 2007b). 

For the chicken, for example, the fertilizing ability of semen can be maintained 

during liquid storage in vitro for 24 to 48 h at 4 °C (Wilcox and Shorb, 1958; 

Sexton et al., 1980; Clarke et al., 1982; Blesbois et al., 1993; Holm and 

Wishart, 1998; Blesbois et al., 1999; Siudzinska and Lukaszewicz, 2008). 

Similarly, turkey semen can be stored for 24 to 48 h at 15 °C (Carter et al., 

1957; Sexton, 1980; Lake et al., 1984; Sexton, 1984; Bakst and Cecil, 1992; 

Donoghue, 1996; Douard et al., 2000; Douard et al., 2004; Zaniboni and 

Cerolini, 2009). 

With respect to frozen storage, the protocols developed for various bird 

species have been reviewed (Bellagamba et al., 1993; Blesbois, 2007a). 

Although with variations in frequency and sperm dose, frozen semen has been 

successfully used for AI in the chicken, turkey, goose and duck, with fertility 

varying from 60 to 92% depending upon the method of freezing (straw, pellet 

or glass ampoule), type of cryoprotectant (glycerol, DMA, DMSO and DMF), 

freezing rate (1 to 60 °C/min) and method of thawing (alcohol bath at 2 – 5 °C 

or water bath at 5 – 60 °C) (Lake, 1981b; Lake et al., 1981; Seigneurin and 

Blesbois, 1995; Tselutin et al., 1995; Tselutin et al., 1999; Tai et al., 2001; 

Lukaszewicz, 2002).  

Both forms of semen storage have been investigated in emus but the 

present protocols require improvement to be commercially viable. With liquid 

storage, the egg membrane penetration ability is completely lost beyond 6 h 
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when the semen is diluted in poultry diluents (BPSE and Lake’s Diluent) and 

stored either at 4 °C and 20 °C, or when it is stored undiluted at 4 °C (Malecki 

and Martin, 2000, 2005). However, when semen is diluted with specifically 

developed emu diluents and stored at 20 °C, only 50% of the fertility of fresh 

semen was lost, even after 24 h (Malecki and Martin, 2005). This shows that 

improvements are feasible and that storage temperature, storage time and type 

and ratio of a diluent can have a bearing on the loss of sperm function. 

During freezing, the decline in emu sperm motility and the egg 

membrane penetration ability varied with the concentration and type of the 

cryoprotectant (DMA, DMSO, glycerol) (Malecki and Martin, 2000). In 

addition, chilling semen down to 5 °C before freezing, then adjusting the 

freezing rates, can improve post-thaw sperm function (Malecki and Martin, 

2005). The outcomes of this initial work thus suggest that further investigation 

is needed into factors such as the type of cryoprotectant and its effects, the 

methods of chilling and freezing, with a focus on post-thaw egg membrane 

penetration ability(Malecki et al., 2008). On the other hand, the preliminary 

work on storage of emu semen (Malecki and Martin, 2000) did not investigate 

the effect of direct exposure of the semen collection vial to the ambient 

temperatures (5 – 20 °C) as no protective covering was used on the collection 

vessel. Temperature shock during semen collection is thought to adversely 

affect sperm function during storage (Sexton, 1984) so this factor was also 

included in the investigations of this work.   

Thus the objectives of this project were to improve the current storage 

and cryopreservation protocols by identifying and refining the factors that 

affect sperm survival in liquid and frozen storage: physical (temperature: 

collection, storage, cooling and freezing rates) and chemical (type of diluent, 
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ionic concentrations, type and concentration of cryoprotectant). Investigations 

of liquid storage of emu semen focused on identifying any adverse effects of 

semen collection at ambient temperature on sperm functions. Thereafter, the 

focus was on improvement of the diluent by standardising its ionic 

concentrations and on identification of the optimum storage temperature, with 

the aim of extending retention of acceptable emu sperm functions to 24 – 48 h.  

Studies on cryopreservation focused on minimising the loss during 

cooling of semen to 5 °C by questioning whether dilution and chilling of semen 

with pre-cooled diluents would help retain sperm function. Subsequently, the 

tolerance of emu spermatozoa to toxicity and hyperosmotic conditions caused 

by permeating (Dimethylacetamide) and non-permeating cryoprotectants 

(Trehalose and Sucrose) was investigated.  These studies investgated only the 

hyperosmotic effects of the cryoprotectants and did not consider the hypo-

osmotic effects due to thawing (that possibly could lead to some of the loss 

experienced durig the process of freeze –thawing) because the procedure was 

same for every treatment and the freeze-thawing process being the same for 

every straw and treatment was assumed to have the same effect. Therefore the 

effect observed was interpreted as being due to cooling/freezing treatment. 

 
Finally, the feasibility of manual freezing under uncontrolled freezing 

rates was explored with an aim to minimize the use of sophisticated laboratory 

equipment and the use of time-consuming methodologies, in an attempt to 

improve penetration of AI technology into field practice. This involved 

standardisation of a freezing protocol through liquid nitrogen vapour in a 

styrofoam box and determining the DMA concentration that conferred the 

highest sperm survival. Further, to overcome the problem with an objective 

assessment of sperm viability using N-E staining protocol of the samples 
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subjected to DMA that may give fals positive results, a combination of 

fluorescent stains was used for assessment of the viability and membrane 

stability of thawed sperm. This original work on storage and cryopreservation 

of emu semen demonstrates that the dilution procedure and semen handling, 

the properties of the extender and the cryoprotectant and the micro-

environment for the sperm cells influence the survival and longevity of the 

spermatozoa. The outcomes will facilitate major gains over the current emu 

sperm storage protocols and thus help to improve the emu industry. Moreover, 

these refined storage protocols can then be used as a model for replication for 

gene banking in threatened or endangered avian species.  

 
The objective of this thesis was to optimise protocols for short- or long-

term preservation so that the preserved semen could be used for artificial 

insemination (AI). This process involves the steps of semen collection, 

extending it with appropriate diluents for either short- or long-term 

preservation, and then placing it into the reproductive tract of sexually 

receptive females. Optimisation of any of these steps will help to optimise the 

overall protocol for liquid– or cryo– preserved semen. Hence the first study in 

this thesis (Manuscript I) was designed: 1) to optimise the step of semen 

collection for both forms of storage; 2) to optimise the storage temperatures for 

liquid storage; and 3) to know about the possibility of chilling injury during 

cooling down to 5 °C so that this information could be used while optimising 

the protocol for cryopreservation of emu semen. The second study (Manuscript 

II) was related to the first study in that the storage temperatures identified in 

the Manuscript I were tested for their effectiveness in a diluent (UWA-E4 

diluent) having supra – physiological [K+] and higher osmolarity (360 

mOsm/L). As this diluent did not adversely affect the sperm functions in 
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Manuscript II, its effectiveness was tested for cryopreservation of emu semen 

(Manuscript III) initially during the chilling process and then for freeze 

thawing. In addition this study also investigated the hyper-osmotic tolerance of 

emu spermatozoa and DMA effects (hyper-osmotic or toxic) with an aim to 

decide the use DMA as a cryoprotectant for cryopreservation of emu semen. 

Once determined that DMA was not toxic to emu sperm and that they can 

tolerate high osmolarities without any adverse effects, the next study 

(Manuscript IV) was designed to optimise DMA concentrations for 

cryopreservation of emu semen.    

Since at the commencement of this thesis (Oct 2007) the protocols for 

storage of liquid or frozen emu semen were in the preliminary stages of 

development and needed further refinement, and because the short breeding 

season and time constraints of finishing this PhD left me with no time available 

to carry out the in vivo fertility tests, only the in vitro sperm fertility tests are 

reported. The in vivo fertility tests will be a subject of future studies. 

The general hypothesis driving the work in this thesis is that the quality 

of ejaculated sperm cells can be prolonged by optimising the physical and 

chemical conditions of the storage and freezing protocols, specifically the 

temperature: collection, storage, cooling and freezing; composition of the 

diluent; and type and concentration of the cryoprotectant. 
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Chapter 2: Literature review 
 

2.1 Emu biology  

Emus Dromaius novaehollandiae (Latham, 1790) are large flightless 

birds belonging to the ratite family that also include ostrich (Africa), rhea 

(South America), cassowary (Australia and New Guinea) and kiwi (New 

Zealand). Their biology, farming and management practices have been 

extensively covered (Minnaar and Minnaar, 1992b). They reach sexual 

maturity between 24 – 36 months of age and attain a size of 5 – 6 feet 

weighing 45 – 67 kg when mature. Breeding occurs during autumn – winter 

season of the year (short day breeders) and is characterised by formation of 

monogamous mating pairs that are stable during the mating period (Blache 

et al., 2000). 

Males start producing semen in March and stop in Septmeber. This 

season of semen producito can be divided into three periods: beginning 

(March – May), mid (June – July) and end season August – September) with 

the semen quality being best in the mid season (Malecki and Martin, 2000).  

In comparison to other birds, male emus ( including other ratites) possess a 

large phallus that enters the female’s cloaca at the time of copulation 

(Minnaar and Minnaar, 1992a). On an average every female produces 22 ± 

5 large eggs at an interval of 2 – 3 days in a very simple nest on the ground. 

However, the clutch size varies between 5 – 45 eggs (Blache et al., 2005) 

and is nfluenced by the level of fat reserves and nutrition of the female prior 

to onset of the laying period (Blache et al., 2005). Male emus are solely 

responsible for incubation of eggs and rearing of chicks.  
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Emus utilize food of both plant and animal origin (Minnaar and 

Minnaar, 1992d) and can thus be classified as omnivores. Their digestive 

system is simple and resembles more closely that of chicken compared to 

other ratites (Minnaar and Minnaar, 1992d). However,  as in all ratite 

species, the digestive tract of emus is characterised by absence of a crop 

(Tully and Shane, 1996). Their feed intake is regulated by photoperiod 

leading to dramatic differences in the body weight between breeding and 

non breeding season (Minnaar and Minnaar, 1992d). Farmed emus are 

generally fed pellets consisting of crushed grains and other nutrients based 

on the age and reproductive status of the birds (Minnaar and Minnaar, 

1992d). The energy and nitrogen requirements for maintenance of emus are 

284 and 320 mg/kg 0.75/day respectively (Blache et al., 2005)  

 

2.2 Emu farming 

The ease of domestication of emus, adaption to most climatic 

conditions, docile temperament, high productivity (many off springs per 

season) and high longevity (upto 30 years recorded in zoos) make them an 

attractive species for alternative livestock farming. Despite their large size 

the labour and land requirements are minimal. Emu farming has thus a great 

potential. Emus can be slaughtered around 12 – 16 months of age and their 

farming provides high quality products: 1) meat with low fat% and high iron 

content, 2) soft leather, and 3) oil that has anti inflammatory properties and 

thus can be used for topical medications. The housing and management 

practices for emu farming are already in place and they are being farmed in 

different parts of the world. They can be bred in pairs or groups with the 

space requirement varying from 625 – 1000 m2/breeding bird to 400 – 1200 
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m2/breeding bird under free range and captive conditions respectively 

(Blache et al., 2005).  

 

Figure 1. A male emu under captive conditions. 

Artificial insemination has also been tried in emus and the females 

can lay fertilized eggs for up to three weeks following AI or natural mating 

(Malecki and Martin, 2000). However the frequency and dose of 

insemination are yet to be determined. As the optimal conditions for 

artificial incubation are already known the eggs are usually collected and 

artificially incubated (Minnaar and Minnaar, 1992c). Despite all these 

developments in place emu industry farming is still in its infancy and needs 

more research for upgrading the current system of farming and genetic 

selection that will consequently improve the productivity and quality of 

desirable products.  

 

 2.3 Development of artificial insemination (AI) 
protocol  

Preservation of semen quality, either in liquid or frozen form, assumes 

critical importance in gene banking and advancement of semen technology 
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using artificial insemination (AI) for harvesting of faster genetic gains. AI 

programmes involve semen collection, transportation (from the point of 

collection to the site of insemination) and it’s deposition within the bird’s 

reproductive tract. These programmes permit increased utilization of 

superior sires, minimise the number of males used in the breeding 

programme and overcome the problems associated with natural mating 

(male to female incompatibility or monogamy).   

Consequently, since development of a method for semen collection 

and artificial insemination in fowls (Quinn and Burrows, 1935, 1936) and 

discovery of  cryoprotectant properties of glycerol for fowl spermatozoa 

(Polge, 1951), attempts have been made in different avian species, such as 

fowl, turkey, goose, duck, cranes, Japanese quail and raptors  (Gee et al., 

1985; Wishart and Palmer, 1986; Blesbois et al., 1993; Tselutin et al., 1995; 

Blesbois et al., 1997; Chalah et al., 1999; Donoghue, 1999; Blanco et al., 

2000; Dimitrov and Douard, 2000; Malecki and Martin, 2000; Palmer and 

Al-Maskari, 2000; Ball et al., 2001; Lukaszewicz, 2001a; Maksudov and 

Panchenko, 2002; Jalme et al., 2003; Chełmońska, 2006; Fickel et al., 2007) 

to preserve spermatozoa under artificial conditions on short (24 h or less) or 

long term (frozen) basis for artificial insemination but with variable success. 

(see Table 1.3 and 1.4).   

Effective application of AI technology involves successful research in 

different areas of reproductive biology namely: collection, handling and 

insemination of semen. These are well documented for both liquid and 

frozen storage of semen in the poultry science literature, especially for 

chicken and turkey. For example, different studies on liquid semen have 

been conducted to investigate reasons for variations in the level of sperm 
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functions when stored for 24 – 48 h.  These include: collection of semen, 

temperature of semen collection, composition (like variation in ionic 

concentrations) and properties of diluents (like pH, osmolarity, etc) and 

dilution rate, storage temperature, role of seminal plasma,  species variations 

in lipid composition of spermatozoa, dietary effect on composition and 

fertilizing ability of spermatozoa and evaluation of fertility (Sexton, 1974; 

Bakst and Howarth, 1977; Sexton, 1980; Brock et al., 1984; Birkhead, 

1995; Thruston, 1995; Donoghue, 1996; Bakst and Cecil, 1997; Bakst et al., 

1998; Blesbois et al., 1999; Blanco et al., 2000; Iaffaldano and Meluzzi, 

2003; Douard et al., 2005). As for cryostorage, various studies have 

investigated one or more of the standard steps in cryopreservation; 

collection and dilution with one of the several available semen extenders, 

reducing the temperature to around 5 °C, dilution and equilibration with the 

cryoprotectant and freezing and thawing (Hammerstedt, 1995; Tselutin et 

al., 1995; Surai and Wishart, 1996b; Tselutin et al., 1999; Blanco et al., 

2000; Ball et al., 2001; Lukaszewicz, 2001a; Jalme et al., 2003; De 

Ambrogi et al., 2006; Woelders et al., 2006; Blesbois, 2007a; Fickel et al., 

2007). 

Although these studies are equally applicable for liquid and frozen 

storage of emus there is a need to develop reliable in vitro storage protocols 

that are still in early stages (Malecki and Martin, 2000). Any preliminary 

work in development of these protocols for emus is restricted to the work 

done by Malecki and Martin (2000 and 2005). It becomes evident that 

despite methods for semen collection (Malecki et al., 1997) in place, 

preservation of semen quality both in liquid (to 24 – 48 h ) and frozen form 

(with 87% decline in sperm egg membrane penetration ability compared to 
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fresh semen) is yet to be realised (Malecki and Martin, 2000, 2005).  

However the mean values for different sperm functions have been 

determined in emu ejaculates (Table 1). 

Table 1.1 Mean values for measures of semen quality in emu ejaculates 

Volume (mL) 0.61*; 0.64**  

Sperm concentration (×109/mL) 2.9** ; 3.3* 

Total number of sperm per ejaculate (×109) 1.9*; 2.0**  

Osmolarity (mOsmol/kg) 310**  

pH 7.4**  

Membrane intact (live) sperm (%) 90**  

Membrane intact abnormal sperm (%) 3**  

Tolerance in hypo-osmotic swelling test (%) 63***  

Mass motility score (0-5 scale) 4.5* 

*        Malecki IA, Martin GB, Lindsay DR 1997 Semen production by the male emu      

(Dromaius novaehollandiae). 2. Effect of collection frequency on the production of semen 

and spermatozoa. Poultry Science 76 622-626. 

**      Malecki I, Martin GB 2000 Emu farming reproductive technology. Rural Industries 

Research and Development Corporation, Barton, ACT, Publication No 00/37. 

***    Malecki IA, Martin GB 2005 Reproductive technologies for ratite farming. Rural 

Industries Research and Development Corporation, Barton, ACT, Publication No 05/200. 

The following paragraphs review some of the factors that have been 

investigated in emus and compare with other avian species for developing 

standard steps in liquid and frozen storage protocols for emus semen with 

sperm functions that are comparable to the domestic poultry; i.e. extension 

of liquid semen to 24 – 48h and preservation of > 50% sperm viability and 

motility of frozen-thawed emu semen.  
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2.4 Methods of semen collection in birds  

Evolution of AI technology in poultry breeding has progressed  

significantly since development  of  the “abdominal massage” method of 

semen collection in the chicken (Quinn and Burrows, 1935). Thereafter this 

technique has been widely adapted for semen collection  from a variety of 

domestic, e.g the fowl, the turkey, the guinea-fowl, ducks and geese (Lake, 

1978)  and wild birds, e.g. crane and raptors (Gee and Temple, 1978; Brock 

and Bird, 1991).   

Contrary to the massage technique, semen collection in ratites (emus 

and ostriches) is done through a “teaser” or “non-teaser” method without 

any physical restraint with the ejaculate volumes varying depending upon 

the method of collection – between 0.1 – 1.6 ml  in emus (Malecki 1997) 

and ranging from 0.1 – 2.9 ml in ostriches (Rozenboim et al., 2003, Rybnik 

et al., 2007).  Both emus and ostriches possess a penis–like copulatory 

appendage (phallus), and their ejaculates are collected into an artificial 

cloaca that is similar to the artificial vagina in mammals (Malecki et al., 

1997; Rozenboim et al., 2003).  However, the vials used for semen 

collection in emus are directly exposed to the ambient temperatures 

(Malecki, I and Martin, G pers. comm.) that range from 5 –15 °C. This is 

because unlike domestic fowl and turkey, the semen production in emus is 

seasonal and is restricted to the autumn and winter months - April to 

September in the southern hemisphere (Malecki and Martin, 2000), that is 

characterised by low ambient temperatures ranging from 5 –15 °C.   
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2.5 Temperature of Semen collection 

There are limited studies of semen collection temperature as a 

determining factor of sperm quality during liquid or frozen storage of 

semen. However, it is known that sudden exposure of spermatozoa to lower 

temperatures than normothermic (≈ 37 – 39 °C) either at the time of 

collection, cooling or during storage induces irreversible decline in sperm 

motility, viability and fertilizing capacity in both avian or mammalian 

species, as for example, seen in turkey, bull, ram, rabbit, dog, boar and 

stallion (Wales and White, 1959b; Darin-Bennett et al., 1973; Sexton, 

1982b, 1984; Simpson, 1986; Parks and Lynch, 1992). This irreversible 

decline in sperm functions occurs due to a mechanism commonly known as 

“cold shock” (Watson, 1981).  Cold shock results in loss of membrane 

integrity and cell functions of an increasing number of spermatozoa (Darin-

Bennett et al., 1973; Watson, 1981) with the maximum damage experienced 

in the range of 2 – 12 °C (Watson, 1981) (Fig. 2). As an example, the sperm 

fertilizing capacity in turkeys was found to be lower (81%) in the semen 

collected at 5 °C than that collected at 15 and  25 οC (90% and 93 %) 

(Clarke et al., 1982; Sexton, 1984). 

Cold shock predisposes the sperm plasma membrane to injury 

involving lipid phase transitions a phenomenon suggested to occur for 

turkey and chicken sperm when semen is collected at lower (5 °C) 

compared to higher (15 or 20 °C) temperature (Clarke et al., 1982; Sexton, 

1984). In the same vein, avoidance of temperatures lower than 15 °C in pre-

diluted ejaculates helps to avoid cold shock injury to boar spermatozoa 

(Pursel, 1973). 
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These phase transitions can be lateral (lateral movement of the 

membrane phospholipids) or thermotropic (transition from fluid/liquid-

crystalline to gel phase) and have a profound effect on the membrane 

structure and function – while there is an increase in rigidity, permeability to 

water, cation redistribution and release of intracellular constituents, the 

activity of membrane–bound enzymes, respiration and rate of lateral protein 

diffusion within the bilayer is decreased (Morris, 1987; Parks and Graham, 

1992). 

 
Figure 2. Schematic representation of a sperm plasma membrane and 
changes induced therein by cooling and warming (Amann, 1999). 
 

Consequently, semen collection from any of livestock animals is 

carried out by adequately insulating the collection containers. Such a 

precaution minimizes abrupt exposure of the ejaculates to hypothermic 

temperatures. In birds, emen collection from turkeys conducted into dry 

tubes held at 15 or 25°C resulted in higher sperm fertilizing capacity than at 

5 °C (Sexton, 1984).   



 

In emus, 

(Fig.3), despite extreme variat

environmental temperatures around 

pers. comm.)

(Malecki and Martin, 2000)

of sperm functions

 

This percentage of dead sperm may be a regular feature of 

spermatogenesis cycle in emus

of sperm to the 

Similarly, this exposure may also be increasing

and consequently 

of sperm 

adverse effects

collection in emus

protocol to 

2.6 Liquid Storage of semen

Liquid storage of semen is a more attra

storage if quality of liquid semen can be effectively preserved for 24 

During in vitro storage, sperm quality is influenced by several factors and is 

In emus, ejaculates collected in dry tubes without any insulation

despite extreme variations from body temperature of 38 °C to the 

environmental temperatures around 5 – 15 °C (Malecki, I and Martin, G 

pers. comm.), contain around 10% dead sperm at the time of collection 

(Malecki and Martin, 2000). In addition, the maintenance of maximal 

sperm functions is possible for only up to 6 hrs at both 

 

Figure 3. A sample of emu semen collected into a plastic vial

his percentage of dead sperm may be a regular feature of 

spermatogenesis cycle in emus but may be attributed to the

of sperm to the low ambient temperatures at the time of semen collection. 

milarly, this exposure may also be increasing susceptibl

and consequently adversely affecting sperm functions reduc

sperm to less than 6 h of storage. Hence there is a need to investigate the 

adverse effects of low ambient temperaturs in this method of semen 

collection in emus and if needed then accordingly modif

protocol to enable extension of the sperm functions to and beyond

Liquid Storage of semen 

iquid storage of semen is a more attractive option for short

storage if quality of liquid semen can be effectively preserved for 24 

During in vitro storage, sperm quality is influenced by several factors and is 

20 

in dry tubes without any insulation 

ions from body temperature of 38 °C to the 

°C (Malecki, I and Martin, G 

, contain around 10% dead sperm at the time of collection 

maintenance of maximal level 

for only up to 6 hrs at both 4 or 20 °C. 

emu semen collected into a plastic vial. 

his percentage of dead sperm may be a regular feature of the 

but may be attributed to the sudden exposure 

at the time of semen collection. 

susceptiblity to cold shock 

sperm functions reducing the life span 

Hence there is a need to investigate the 

method of semen 

modify the collection 

to and beyond 24 – 48 h. 

ctive option for short-term 

storage if quality of liquid semen can be effectively preserved for 24 – 48 h. 

During in vitro storage, sperm quality is influenced by several factors and is 



 

21 

characterized by intrinsic aging due to the catabolic nature of the sperm 

metabolism (Watson, 1981; Graham et al., 1990). Consequently there is 

depletion of the limited bio-energy resources of the sperm leading to a 

decline in sperm quality and fertility (Wishart, 1989). Hence the essential 

requirement of any liquid sperm storage protocol is to ensure availability of 

a high level of energy reserves (ATP) in the stored sperm at the time of 

insemination. Reduction in sperm ATP consumption during semen storage 

can be achieved by storing sperm at hypothermic temperatures (Morris and 

Clarke, 1981); i.e. at any subnormal physiological temperature significantly 

lower than the physiological temperature but above 0 °C in the absence of 

ice crystal formation. For example a 75–80% reduction in ATP consumption 

has been demonstrated in the fowl and turkey spermatozoa on storage at 5 

compared to 40 °C (Lake et al., 1984). 

A variety of diluents (Lakes, NaCl, EK or Emu) have been tested for 

storing of emu (Malecki and Martin, 2005) and ostrich semen (Ciereszko et 

al., 2010). Sperm survival was found to be better at 20 than at 4 °C for emus 

but whether the same applies for semen storage of ostriches remains to be 

seen as effects of storage at 20 °C are yet to be investigated. Emus and 

ostrich appear to show different characteristics with respect to liquid 

preservation of semen.  For example, sperm functions of emu semen can be 

maintained for 6 – 24 h if stored undiluted at 20 °C, while in ostriches these 

deteriorate within an hour if semen is stored undiluted at room temperature . 

Secondly, sperm survival is better at semen dilutions of 1:6 than 1:3 in 

ostriches (Ciereszko et al., 2010), which on the other hand deteriorates in 

emus at dilutions more than 1:2. Thus these differences in emu and ostrich, 

with respect to liquid preservation of their semen, would be related to the 
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differences in the composition of seminal plasma, enzyme systems and 

metabolic requirements.  

Protocols are in place for storage of liquid semen of fowl, turkey, 

goose, duck, cranes, Japanese quail and raptors for holding times ranging 

from 6 – 48 h (Gee et al., 1985; Wishart and Palmer, 1986; Blesbois et al., 

1993; Tselutin et al., 1995; Blesbois et al., 1997; Chalah et al., 1999; 

Donoghue, 1999; Blanco et al., 2000; Dimitrov and Douard, 2000; Palmer 

and Al-Maskari, 2000; Ball et al., 2001; Lukaszewicz, 2001a; Maksudov 

and Panchenko, 2002; Jalme et al., 2003; Chełmońska, 2006; Fickel et al., 

2007 (Table 1.3 and 1.4). However, the protocols are yet to be optimised for 

emus as there is a complete loss of egg membrane penetration – competent 

sperm; (i) by 6 h of storage when emu semen is stored  in poultry diluents 

(BPSE and Lake’s) either in diluted of undiluted form both at 4 °C and 20 

°C (Malecki and Martin, 2000, 2005); and (ii) by 24 h of storage when 

semen is stored either in emu diluents or in undiluted form at 20°C 

compared to 4 °C. However the fertility levels with stored semen beyond 6 

h are significantly lower (5 times) than those achieved with fresh semen 

(Malecki and Martin, 2005) thereby restricting routine use of liquid semen 

stored beyond 6 h. Therefore, it is necessary to extend preservation of 

acceptable levels of emu sperm functions for 24 – 48 h. 

2.6.1 Semen Diluents:  

Semen diluents are ideally salt solutions designed to prolong in vitro 

sperm survival, to provide energy to the sperm cells, to buffer the pH of the 

suspension, to provide optimum osmolarity and to avoid the growth of 

bacteria. They provide a suitable environment for temporary storage of 
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spermatozoa and are based on the biochemical composition of the semen. 

The duration of storage varies depending on the composition of the extender 

- 2 to 3 days in short-term extenders and for up to five days or longer in 

long-term extenders (Paquignon et. al, 1988; Johnson et. al, 2000). Long-

term extenders differ from short-term extenders mainly by the use of 

complex buffering systems (HEPES, Tris), by mostly in addition to the 

bicarbonate buffering system, and by the presence of Bovine Serum 

Albumin (BSA) which enhances sperm survival by absorption of metabolic 

bacterial products from the extender (Paquignon et al., 1988).  

Species specific diluents have been developed for poultry by 

identifying semen preference for a particular medium: Lake’s diluent for 

chicken (Lake, 1960), BPSE for turkey (Sexton, 1988), EK for goose and 

quail (Lukaszewicz, 2001b; Chełmońska, 2006). Although there are some 

studies comparing effectiveness of these diluents within a particular species 

it is difficult to compare these studies as they vary in experimental design, 

number of spermatozoa per inseminate and frequency of artificial 

insemination (AI). In emus, diluents such as Lake’s, BPSE, NaCl- TES, 

(Table 1.2) have been used for semen storage but do not support its 

extension beyond 6 h without a considerable decline in sperm functions. 

The Lake’s diluent has been found to be the best among these poultry 

diluents (Malecki and Martin, 2000).   
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Table 1.2 Composition of various semen diluents (g/l) 

Ingredients 

Emu semen diluents Fowl semen diluent 

E - I E- II E - III E - IV BPSE Lakes NaCl-TES 

Glucose  10 10 10 10 5 10 0.6 

Magnesium Chloride (6 H2O) 0.37 0.37 0.37 0.37 0.34 0.68 - 

Tripotassium Citrate (H2O) 1.71 1.5 1.93 8.93 0.64 1.28 - 

Sodium Acetate (3 H2O) 6.48 6.48 6.2 6.2 4.3 8.51 - 

Sodium Glutamate (H2O) 13.2 15.2 10.2 10.2 8.67 19.2 - 

Potassium monophosphate (anhydrous) - - - - 0.65 - - 

Dipotassium hydrogen phosphate (3 H2O) - - - - 12.7 - - 

Sodium Chloride - - - - - - 0.8 

TES - - - - - - 1.374 

Sodium Hydroxide - - - - - - 0.9 

pH 7.3 7.3 7.3 7.3 7.4 7.1 7.4 

Osmotic pressure 291 305 264 360 333 368 382 
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Designing of emu diluents for successful storage of emu semen for 24 

– 48 h is still in the preliminary stages. Emu diluents (UWA-E1, UWA-E2 

and UWA-E3, Table 1.2), have been designed using constituents of the 

Lake’s and taking into account the ionic composition of the emu seminal 

plasma (in respect to the major inorganic ions such as K+, Na+ Mg 2+ and Cl-

). In general, these diluents contain ions (K+, Na+ Ca2+, Mg 2+ and Cl-) to 

maintain the osmotic pressure of the medium, glucose as energy source, and 

buffering systems (e.g. tri potassium citrate) to stabilize the pH of the 

extender during storage of semen. Emu diluents have been investigated for 

both liquid and frozen storage of emus semen with varying results (Malecki 

and Martin, 2000). These studies attempted to answer the question of 

whether emu sperm have a preference for any particular medium by varying 

sodium and potassium concentrations. Though it was found that UWA-E3 

diluent (with the highest concentration of potassium ions) preserves sperm 

viability for 24 h, however, the ionic concentrations are yet to be optimized. 

Studies on poultry demonstrate that several other parameters of diluent, such 

as ion concentration (Lake, 1960), pH (Ashizawa et al., 1994; Holm and 

Wishart, 1998) and osmolarity (Blanco et al., 2000; Blanco et al., 2008) 

may affect sperm functions (motility, viability and its fertilizing capacity) 

and thus require consideration for designing an appropriate diluent for liquid 

and frozen storage. These specifics are presented with their effects on avian 

semen so as to facilitate their inclusion or exclusion from a diluent.  

 

2.6.2 Potassium:   

Motility is commonly believed to be one of the most important 

characteristics associated with the fertilizing ability of sperm. It is a good 

indicator of viability and structural integrity of spermatozoa as demonstrated 
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in boar spermatozoa (Gil et al., 2009). Reduction of motility at the time of 

storage facilitates maintenance of sperm functions for a longer duration 

(Hammerstedt, 1993). This reduction, although generally achieved by 

hypothermic storage, can also be realized by altering the ionic 

concentrations of the storage medium. 

Potassium, an important ion amongst various ions in the storage 

medium and its concentrations play a major role in influencing 

inhibition/initiation of sperm motility in different species. High extracellular 

K+, [K+]o,have been found to inhibit fish sperm motility by preventing 

efflux of K+ from spermatozoa (Tanimoto et al., 1994). On the other hand, a 

decrease or absence of [K+]o in the medium has been associated with 

initiation of motility in fish spermatozoa (Morisawa and Suzuki, 1980). A 

dose dependent response on inhibition and initiation of sperm motility was 

confirmed in trout spermatozoa (Boitano and Omoto, 1991 ) and in rat 

sperm where a high [K+]o, 50 mM, was found to reduce sperm motility by 

80% (Wong and Lee, 1983).The inhibitory role of potassium in the storage 

medium has also been investigated in mammalian species (Blackshaw, 

1953; Cragle, 1959) by either assessing sperm motility (Blackshaw 1953, 

Burkman et al., 1984) or by evaluating oxygen uptake, fructose utilization 

and lactic acid accumulation (Cragle 1959).  

Ions such as Na+, Ca2+ and Mg 2+ and sugars that are able to initiate 

motility even in presence of K+ ions can be used to reduce the inhibitory 

action of high [K+] on sperm motility (Baynes et al., 1981; Billard and 

Cosson, 1988 ; Cosson, 1989; Tanimoto et al., 1994). For example in fishes, 

addition of NaCl to seminal plasma induces motility especially when the 

ratio of Na+/K+ is 16:1 or higher (Cosson et. al., 1999 after Schlenk and 
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Kahmann 1938). Similarly addition of Ca2+ to solutions containing K+ 

resulted in complete activation of  fish sperm and the response although 

same with Mg2+ but was at comparatively reduced (Baynes et. al., 1981); 

i.e. the reactivation of sperm motility with Mg2+ was comparatively lower to 

that by Ca2+(Baynes et al., 1981). In another study, in striped bass Morone 

saxatilis, the stimulation and inhibition of sperm motility was found to be 

independent of the K+ concentrations (He et al., 2004).  

Most of the work relating to adjusting [K+]  in the storage medium for 

stimulation or inhibition of sperm motility has been done either in fishes or 

in mammalian but not avian spermatozoa. The reason for the lack of such 

studies in avian species could possibly be the result of the finding that fowl 

sperm motility  during liquid storage of semen is temperature dependant 

(Clarke et al., 1984) and thus all subsequent studies in poultry species 

focused on investigating hypothermic storage as the means for decreasing 

the metabolic activity to prolong the sperm functions. However, this gives 

an opportunity to investigate the regulatory role (inhibition/activation) of 

[K+]o on sperm motility in emus and optimize its concentrations in emu 

diluents during liquid storage of semen.   

Preliminary studies on liquid storage of emu semen have compared 

sperm motility in UWA- E1, E2 & E3, BPSE, Nacl-TES and Lake’s diluent 

at 20 °C. The results were encouraging with UWA –diluents especially 

UWA – E3 (Malecki and Martin, 2000). In UWA diluents the sperm 

motility gradually reduced till 3 h of storage and was thereafter maintained 

at lower levels till 48 h of storage. On the other hand in the Lake’s or NaCl-

TES diluents and undiluted semen sperm motility declined gradually even 

after 3 h of storage and could not be maintained for 48 h at 20 °C. The 
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UWA–E diluents preserved a much higher percentage (70–80%) of live 

spermatozoa compared to that preserved in other diluents or even in 

undiluted semen  (< 30%). Subsequent investigations for liquid storage of 

emu semen (Malecki and Martin, 2005), demonstrated maintenance of 

higher levels of sperm viability and fertility for upto 24h in Emu diluents, 

especially UWA–E3 diluent. On the other hand, similar levels of viability 

and fertility could only be maintained for upto 6 h in poultry diluents 

(Malecki and Martin, 2005).  Preservation of higher levels of sperm 

functions for a longer duration (24 h compared to 6 h) has been speculated 

to be related to higher potassium concentrations in UWA-E3 compared to 

the other poultry diluents. Thus, higher [K+] concentrations in the UWA 

diluents may be a determining factor for regulating the sperm motility 

during liquid storage of emu semen as demonstrated in fishes (Wong and 

Lee, 1983; Garcia-Soto, 1987; Boitano and Omoto, 1991; Tanimoto et al., 

1994). As the current hypothermic storage protocols are yet to be 

standardised for preservation of sperm functions of liquid semen for 24 – 48 

h, hence optimising [K+] in UWA–E3 diluent may turn out to be the way for 

achieving this objective. 

 

2.6.3 Hydrogen ions concentration (pH) 

Large variations in semen pH adversely affect sperm viability, 

motility and fertilizing ability (Lake and Ravie, 1979; Ashizawa et al., 

1994; Holm and Wishart, 1998). Under in vivo conditions a stable semen pH 

is maintenaned by buffering action of seminal plasma, however 

maintenance of a stable pH is difficult ot achieve under in vitro conditions 

(Mann, 1954a). Thus, for preservation of sperm functions under in vitro 
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conditions it is pertinent to avoid extreme pH fluctuations of the storage 

medium. This objective is achieved by incorporation of buffering agents 

such as N,N-bis_2-hydroxyethyl.-2-aminoethane sulfonic acid (BES) and N-

Tris -hydroxymethyl, methyl-2-aminoethane sulfonic acid (TES) that 

restrict lowering of diluent pH likely to occur due to accumulation of lactic 

acid during storage of  semen as observed in chicken semen (Christensen, 

1995). None of these buffers have been used in the emu diluents and 

buffering is achieved through tripotassium citrate that also contributes to the 

maintenance of osmotic pressure of the extender. However, from practical 

view-point it is important to know whether Emu diluents possess adequate 

buffering capacity during semen storage for 24 – 48 h.   

It has been determined that chicken and turkey sperm are able to 

tolerate a pH range of 6.0 – 8.0 (Van Wambeke, 1967) but, depending upon 

the species, there exists an optimal pH range for  semen diluents higher 

sperm functions are preserved. For example in chicken, the percentage of 

sperm survival and motility are higher in the range of 6.8 to 7.1 but decrease 

on acidification (pH 5.8) or alkalinisation (7.4) of the diluent (Lake and 

Ravie, 1979). Similarly in turkeys, the sperm fertilizing ability is higher in 

diluents with a pH of 6.5 compared to diluents with pH 7.5 when stored for 

6h (Sexton, 1982a).    

Diluent pH is an important determinant in maximizing sperm 

respiration (O2 consumption), lactate production and motility of 

spermatozoa (Norman, 1958). It has been found that oxygen uptake and 

hence sperm motility is optimal at pH 7.3 and 6.3 in chicken and turkeys 

respectively (Pinto et al., 1984; Ashizawa et al., 1994). Increasing the 

medium pH from 7.3 to 10.0 in chicken and from 6.3 to 8 in turkeys 
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stimulates sperm motility indicating a sensitivity of the sperm to pH 

fluctuation (Pinto et al., 1984; Ashizawa et al., 1994).  On the contrary, 

acidification (pH below 7) of semen reduces sperm metabolic activity by 

reducing their O2 consumption and lactate production (Norman, 1958). As a 

consequence there is a  reversible inhibition of sperm motility as 

demonstrated in fowl semen during storage at 5 °C for 24 h when pH of the 

medium is lowered to 5.8 – 6.0 irrespective of the storage temperature (Lake 

and Ravie, 1979)  or as seen in chicken, turkey and quail during semen 

storage at 40 °C for 3 h (Holm and Wishart, 1998). They observed that this 

inhibition of motility is irreversible if the pH becomes < 5.5. A pH below 

5.5 is spermicidal as it reduces [pH]i, that causes irreversible denaturation of 

dynein ATPases resulting in axonemal damage: a possible mechanism 

suggested for decreased sperm motility in carp spermatozoa (Perchec et al., 

1995).  

 On the other hand if the pH remains above 5.5, normal motility can 

be resumed by merely increasing the pH as demonstrated by reversal of 

complete senescence to rapid movement of chicken, turkey or quail sperm 

when the pH was increased from 6.0 to 7.8, 7.2 and 7.2 respectively. The 

motility can be futher increased upon alkalinisation (pH 9) of the storage 

medium during semen storage at 40 °C for 3 h (Holm and Wishart, 1998).   

The effect of storage temperature on pH of the storage medium has 

long been recognized in avian species (Lake and Wishart, 1984; Donoghue 

and Wishart, 2000). Changes in sperm functions due to pH alterations at 

different storage temperatures have been investigated in poultry (Lake and 

Ravie, 1979; Ashizawa et al., 1994; Holm and Wishart, 1998). A decrease 

in the  pH of the storage medium has been found to occur at a significantly 
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faster rate in semen stored at a higher compared to lower storage 

temperatures, for example as demonstrated during storage of stallion sperm 

between  5 – 20°C (Pickett and Amann, 1987). Faster decline in pH can be 

explained by greater production of the toxic metabolites, such as lactic acid 

from ATP hydrolysis at high rather than at low temperatures (Pickett and 

Amann, 1987).  

Although the storage temperature appears to be an important 

determinant in influencing the pH of the storage medium its effects are yet 

to be investigated for emu semen.   

 

2.6.4 Osmolarity:  

Poultry sperm can tolerate a variation of 50 – 100 mOsm without 

changes in sperm functions (Surai and Wishart, 1996b). For example the 

recommended osmolarity for the storage medium for turkeys range from 

325 – 350 mOsm/kg (Graham and Brown, 1971). When sperm are placed in 

a hypotonic solution, there is a net movement of water into the sperm that 

causes them to swell as has been observed in fowl or turkey spermatozoa 

when osmolarity of the Beltsville Poultry Semen Extender (BPSE) was 

reduced to below 200 or 140 mOsm/L respectively (Bakst, 1980). In the 

scenario where exposure of spermatozoa to hypo-osmotic conditions occurs 

above it’s critical osmolarity, it is accompanied by swelling of those 

spermatozoa that possess an intact plasma membranes but this swelling fails 

to occur if the membrane is damaged (Donoghue et al., 1996). This 

phenomenon has been used for evaluating membrane integrity of fresh and 

stored turkey spermatozoa (Donoghue et al., 1996). In the second scenario if 

the exposure to hypo-osmotic conditions occurs below the critical 

osmolarity, it leads to sperm lysis without any morphological alterations 
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stated above. For example chicken spermatozoa ruptured when exposed to 

hyposmotic conditions of < 20 mOsm/kg H2O above which they showed 

100% intactness of the sperm plasma membrane (Watson et al., 1992).  

Tonicity of the storage media also influences the sperm morphology 

in addition to affecting the functionality of the sperm plasma membrane as 

has been demonstrated by an increase in the percentage of bent -neck 

spermatozoa in chicken and turkey sperm when stored in hypoosmotic 

conditions  at 2 to 5 °C for 48 h (Clarke et al., 1984). Bending is manifested 

as mitochondrial displacement and flexure of the midpiece as documented 

for chicken and turkey spermatozoa (Bakst, 1979; Bakst, 1980). 

Emu spermatozoa appear to tolerate osmolarity down to 200-250 

mOsmol and rupture past 34 mOsmol. Their critical hyposomolarity is near 

250 (Malecki et al., 2005b; Matson et al., 2009). 

Conversely, in hypertonic solution, a net movement of water occurs 

from inside the cell to the hypertonic medium causing the sperm to shrink 

but spermatozoa of different species vary in their ability to resist this 

hyperosmotic stress (Blanco et al., 2000; Blanco et al., 2008). A moderate  

increase in osmolarity to 400 mOsmL/kg is not intensely harmful to chicken 

sperm (Lake and Ravie, 1981) and increasing osmolarity even to 500 

mOsm/kg does not affect sperm viability regardless of the species (chicken, 

turkey or eagles) (Blanco et al., 2000). However, profound cross–taxa (i.e. 

between chicken, turkey, eagles) and within-taxa (i.e. species of eagles such 

as Golden eagle, Bonelli’s and Imperial eagle) differences exist in 

sensitivity of spermatozoa to hyperosmolarities ≥ 800 mOsm/kg (Blanco et 

al., 2000). On exposure to 800 mOsmL/kg , the percentage of viable sperm 
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remained unaffected in raptor spermatozoa (92.3 to 100 % of the 

isoosmolarity values) but were  adversely affected in chicken and turkeys 

(decreased respectively to 73.6% and 81.8% of the isoosmolarity value). 

Furthermore, raptor spermatozoa (Golden eagle, Bonelli’s eagle, Imperial 

eagle and Peregrine falcon) were able to tolerate exposure to 3000 mOsm/kg 

with no adverse effect on the percentage of sperm viability (89.3 – 96.8%) 

compared to chicken and turkey where the viability further decreased 

respectively to 70.3% and 61.1% of the isoosmolarity values highlighting 

the cross–taxa variations in ability to resist hyperosmolarities. 

Hyperosmotic stress can be experienced by spermatozoa at the time of 

cryopreservation: either at the time of equilibration due to the hyper-

osmolarity of the cryoprotectant itself or at the time of freezing that causes 

crystallization of extracellular water into ice which as a result increases 

extracellular concentration of solutes (i.e. cryoprotective agents) (Gao et al., 

1995; Holt, 2000). Inability to resist hyperosmotic stress results in cell death 

manifested by damage mainly to plasma and mitochondrial membrane 

(Parks and Graham, 1992). 

Emu sperm have been exposed to osmolarities 706 – 2560 mOsm/L 

when equilibrated with 3 – 12% cryoprotectant (Glycerol, DMA or DMSO) 

at 5°C before freezing and this exposure resulted in a loss of  35–50% egg 

membrane penetration ability and 15 % sperm viability (Malecki and 

Martin, 2000). Such significant declines of sperm functions suggest 

sensitivity of emu sperm to osmolarities in this range, or perhaps toxicity of 

the cryoprotectant, and thus require further evaluation. Such speculation 

also demands investigation to determine the osmotic tolerance limits of emu 

sperm. 
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2.6.5 Semen dilution  

Chicken semen, and for that matter avian semen in general, is highly 

concentrated (viz. 2.9 ×109/mL in emus), low in volume and its storage in 

undiluted form adversely affects sperm fertility as seen on storage of fowl 

semen beyond 1 h (Carter et al., 1957). This problem necessitates semen 

dilution prior to storage and artificial insemination but sperm undergo 

physiological changes upon dilution. For example sperm respiration rate has 

been shown to increase in chicken and turkey upon semen dilution after 

storage for 3 or 6 h irrespective of the storage temperatures (41, 25, 15, or 5 

°C ) (Sexton and Fewlass, 1978; Clarke et al., 1982). Moreover, the rates of 

semen dilution  affect sperm motility and fertilising ability probably due to 

the metabolism of ATP, use of O2, generation of CO2, and inward or 

outward movement of Ca2+, Na+, K+, and Cl- (Parker, 2006). Although 

dilution up to 1:10 in chicken (Weakley and Shaffner, 1952; Parker, 2003) 

or 1:7 in turkey (Sexton, 1976) does not compromise fertilising ability but 

dilutions beyond these rates decrease both the sperm motility and fertility 

(Sexton, 1979). This decrease (in sperm motility and fertilising ability) is a 

characteristic typically termed as "dilution effect" (Mann, 1954b). Thus it is 

essential to optimise semen dilution ratios to prevent adverse affects on 

sperm functions and to allow maximum use of ejaculates from elite males. 

In emus, dilution ranging from 1:2 to 1:8 have been tested with ratios upto 

1: 2 found to preserve higher percentage of sperm viability than 1:4 or 1:8 

dilutions and the lowest number of viable spermatozoa found in 1:8 dilution 

(Malecki and Martin, 2000). 
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2.6.6 Semen storage temperature  

One of the important determinants in regulating sperm functions 

(motility, fertilizing ability and velocity) is the storage temperature (Billard, 

1995). As a general rule, metabolic rate for any cell halves with every 10 °C 

decrease in storage temperature and thus lower hypothermic storage 

temperatures induce greater reduction of metabolic rate, lower energy 

consumption and decreased bye-product formation compared to higher 

storage temperatures (Hammerstedt, 1993; Rubinsky, 2003). Storage 

temperature also affects both the sperm oxygen consumption (Mahadevan, 

1986) and the sperm beat frequency (Billard and Cosson, 1988 ). It also 

appears to suppress the damaging hydrolytic activity of the acrosomal 

enzyme, acrosin, during in vitro storage of poultry semen for 24 – 48 h 

(Thruston 1995). Thus temperature of semen during liquid storage is an 

important consideration for altering sperm functions and extending sperm 

quality during liquid storage. 

As a result, hypothermic in vitro sperm storage has been routinely 

employed for in vitro semen storage both by the avian and mammalian 

livestock industry, e.g. in chicken and turkey (Thruston, 1995),  and in 

stallion, bull and boar (Swanson and Herman 1944; Zou and Yang, 2000; 

Price, 2008). It is species specific (Thruston, 1995) and time and 

temperature dependant (Zieger et al., 1990). The percentage of viable sperm 

and sperm with higher motility was found to be  higher on storage at 5 °C, 

15 °C or 25 °C compared to 41 °C for both  chicken and turkey sperm 

(Clarke et al., 1982). Similarly, the percentage of viable sperm in chicken 

were significantly higher after 8h of storage either at 4 or 21 °C compared to 

41 °C (Dumpala et al., 2006). Storage at lower hypothermic storage 

temperatures not only improves sperm viability but also sperm fertilizing 
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capacity and motility as seen on storage of turkey semen at 5 °C compared 

to 35 °C (Giesen and Sexton, 1983) or storage of chicken semen at 2 – 5 °C 

compared to  41°C with the fertilizing capacity being comparable to 

unstored control (Van Wambeke, 1967; Sexton and Fewlass, 1978). 

However, hypothermic storage is not always beneficial as it has been found 

to decrease fertility in chicken sperm when the storage temperature 

increased from 5 to 25 °C (Clarke et al., 1982). This negative effect of 

higher storage temperatures could probably be minimized by determining 

the optimum storage temperature that varies depending upon the species. 

For example it is 4 °C for chicken (Wilcox and Shorb, 1958; Clarke et al., 

1982) and 15 °C for turkey (Carter et al., 1957; Sexton, 1984). 

Preliminary studies on liquid storage of emu semen suggest sperm 

viability to be independent of the diluent used during storage at 4 °C for up  

to 6 h (Malecki and Martin, 2000). The sperm viability is not significantly 

different from that of undiluted semen stored at 20 °C for up to 6 h (≈ 80%) 

but after 24 h of storage is lower at 20 than at 4 °C especially for Phosphate 

(≈30%) and BPSE (≈40%) diluents (Malecki and Martin, 2000). Sperm 

viability is adversely affected at 4 °C if emu semen is stored undiluted (< 

10% viable sperm after 6 h) compared to preservation of ≈ 45% viable 

sperm at 20 °C even after 24 h (Malecki and Martin, 2000). However, on 

dilution 1:2 with BPSE and Lakes diluent, emu spermatozoa can prolong 

their function for 6 h and with UWA – E3 diluent possibly to 24 h (Malecki 

and Martin, 2005). Thus for 24 h storage emu semen was suggested to be 

stored either undiluted at 20 °C or diluted at 4 °C. However, storage of 

undiluted semen at 20 °C for 24 h is contrary to suggestion of using such a 

temperature range (18 – 22 °C) for very short term storage (< 3h)  of  liquid 
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semen (Birkhead, 1995) as sperm motility and fertilizing capacity are 

known to decrease within 1 h of collection and storage as seen in fowl 

(Dumpala et al., 2006). On the other hand, the second suggestion by 

Malecki and Martin (2000) of storing diluted semen at 4 °C, is consistent 

with the other generally agreed rule that poultry semen storage for more 

than 3 – 4 hours requires cooling to 4–5 °C at dilutions not greater than 1:2 

(Birkhead, 1995). 

Moreover, the optimum storage time and temperature varies as per 

species: 12 –24 hours at 15°C in turkeys (Donoghue and Wishart, 2000), 24 

– 48 hours at 5°C in chicken (Thruston, 1995), 18 – 24°C in bulls for  3 – 5 

days  (Shannon, 1965) and for 4 – 8 days at 15 – 18 °C in boars  

(Althouse et al., 1998). Thus one of the future strategies that could be tried 

to extend liquid storage of emu semen to 24 – 48 h is by identifying 

optimum hypothermic storage temperature that will ensure preservation of 

acceptable semen quality for 24 – 48 h.  

 

2.6.7 Sperm physiology under low temp storage 

Hypothermic storage increases ischemic tolerance of sperm by 

reducing their metabolism, the consumption of bioenergetic resources and 

oxygen demand (Rubinsky, 2003). However, all changes associated with 

lower temperatures are not beneficial to spermatozoa and they can 

experience some negative effects.  

 Firstly, cooling to lower than a normothermic temperature can 

adversely affect the cell membrane (Morris and Clarke, 1981) by inducing 

lipid phase transition that makes the membrane leaky (Quinn, 1985). 

Consequently entry or exit of the ions into and from the cell occurs in an 

unregulated manner (Quinn, 1985). Secondly, hypothermia reduces the 
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efficiency of the temperature responsive energy dependent ionic pump 

(Na+/K+ ATPase, Mg2+/Ca2+ ATPase) channels although the passive ion 

channels remain unaffected by hypothermia as suggested by Rubinsky 

(2003).  

As a combined result of ionic leakage and reduced ionic pump 

efficiency, the intracellular composition and osmolality change with 

significant implications. One of the consequences could be uncontrolled 

diffusion of Na+ ions across the cell membrane resulting in increased 

intracellular Na+ concentration that are detrimental for sperm survival as 

observed in human sperm (Makler et al., 1981). Secondly, the cells can 

experience protein denaturation and oedema when  returned to their normal 

physiological temperature (Rubinsky, 2003). Thirdly, lowering the 

temperature may disrupt cytoskeleton of the cells, by weakening the 

chemical bonds between membrane proteins and the cells scaffold, 

increasing  their  susceptibility to mechanical damage (Morris and Clarke, 

1987). Fourthly, cells can experience apoptosis on exposure to cold 

(Rubinsky, 2003) 

Hence, storage of emu semen at temperatures higher than 5°C may 

turn out to be better provided the diluent in which spermatozoa are 

suspended inhibits those pathways that are detrimental to their survival at 

higher temperatures. Thus it is essential to determine optimum temperature, 

during liquid storage of semen that ensures preservation of higher sperm 

functions for a desired duration (i.e at least for 24 – 48 h).   

 
2.6.8 Bacteriospermia 

Bacteria originate mostly from the prepuce either at the time of semen 

collection or from the water used in the extender preparation (Althouse and 
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Lu, 2005). The presence of bacteria in semen and their multiplication may 

adversely affect semen samples during in vitro storage as seen in turkeys 

(Gale and Brown, 1961).  

However, bacteriospermia is a cause of concern only on semen 

storage at or above 15 °C (Price, 2008). It can be reduced by addition of 

antibiotics (Price, 2008).which however are not necessary, for maintenance 

of sperm quality, if storage of semen is done at 5 °C as demonstrated in 

chicken and turkeys (Sexton et al., 1980; Sexton, 1988). Moreover, 

antibiotics can have a detrimental effect on sperm functions in the extended 

semen during hypothermic storage and thus necessitates optimization of 

doses needed to be added to the diluent (Aurich, 2007). 

 

2.6.9 Role of Seminal Plasma during in vitro storage:  

Following normal copulation and ejaculation the contact time between 

seminal plasma and sperm is limited, but under liquid or solid storage there 

is a continuous contact with seminal plasma which may affect be of 

practical significance. Thus it becomes important to investigate role of 

seminal plasma during in vitro storage. The role of seminal plasma as a 

supportive medium for sperm is rather ambiguous if not contradictory. 

Contrasting results have been observed about protective role of seminal 

plasma on the fertilizing ability of spermatozoa during liquid storage of 

avian spermatozoa. It has been found to prolong fertility in chicken by 

improving motility and respiration at 40 °C (Wishart and Ashizawa, 1987), 

to increase fertilization rates in chicken spermatozoa when stored at 4 °C for 

24 hours (Lake and Ravie, 1979) and to provide protection against lipid 

peroxidation (Cecil, 1993). On the other hand, there are studies 
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demonstrating deleterious properties (decreases fertilization capacity or 

sperm viability) of seminal plasma, for example as seen during in vitro 

storage of chicken (Blesbois, 1990) and turkey spermatozoa (Douard et al., 

2005) at 4 °C  and turkey spermatozoa both at 4 or 20 °C. Similarly, in 

another study presence of seminal plasma was found to decrease sperm 

viability, motility and phospholipid contents of turkey spermatozoa after 48 

h of storage at 4 °C despite possessing high anti-oxidant properties (Douard 

et al., 2005). The phospholipid contents were significantly lower (797.9 + 

22.9) in turkey spermatozoa stored with seminal plasma (whole semen) in 

comparison to those stored without seminal plasma (875.8 + 29.8).   

Antioxidant protective properties of seminal plasma vary amongst 

different species. These variations are because of the diverse levels of free-

radical trapping activity of Superoxide Dismutase (SOD and Glutathione 

peroxidise (GSH-Px ) in seminal plasma amongst different species (Surai et 

al., 1998a). For example it has been shown that total anti oxidant activity of 

seminal plasma of turkeys is higher than other poultry species (Surai et al., 

1998a) and that of  Muscovy duck is higher than that of chicken seminal 

plasma (Surai et al., 2000). As for emus, there is evidence to suggest that 

seminal plasma plays a protective role in prolonging sperm functions of the 

undiluted semen for up to 24 h  (Malecki and Martin, 2005b). They found 

that during storage of undiluted semen for up to 24 h  there was minimal 

loss sperm membrane integrity and maintenance of considerable egg 

membrane penetration ability which  is contrary to the observations in 

chicken and turkeys where they loose sperm viability at a much faster rate if 

stored in seminal plasma (Blesbois et al., 1999, Douard et al., 2005).  
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2.6.10 Antioxidant role of Vitamin E:  

Percentage of saturated and unsaturated fatty acids in the plasma 

membrane determines its ability to resists thermal shocks which ultimately 

determines the level of lipid peroxidation (Ladha, 1998). High levels of n-6 

polyunsaturated fatty acids (PUFAs) in avian sperm plasma membrane 

predisposes it to increased lipid peroxidation  (Cerolini et al., 2006, Surai et 

al., 2000, Surai et al., 1998b, Long, 2003) resulting in formation of lipid 

hydroperoxides and hydrogen peroxides. Thus from a practical standpoint it 

is important to minimize lipid peroxidation in order to enhance the number 

of viable spermatozoa available for artificial insemination.  

Vitamin E is one the components of the complex anti oxidant system 

present in avian spermatozoa (Bréque et al., 2003) and is able to destroy 

both lipid hydroperoxides and hydrogen peroxides. As observed for chicken, 

it can be integrated either directly into semen diluents (Blesbois et al., 1993) 

or through feed (Cerolini et al., 2006)  with a view to protect the sperm 

plasma membrane  for improving the fertilizing ability. Direct 

supplementation  of vitamin E (@ 8 µg/mL) into the semen diluents has 

been found  to improve sperm fertilizing ability of  chicken (Blesbois et al., 

1993, Surai et al., 1997) or turkey (Donoghue and Donoghue, 1997)  during 

storage of  liquid semen for 24 and 48 h respectively. On the contrary, 

dietary supplementation of vitamin E was found to be much more effective 

in decreasing the lipid peroxidation in duck spermatozoa than  its direct 

exogenous supplementation to the semen diluents (Surai et al., 2000).  The 

protective effects of  vitamin E supplementation have been found to be dose 

and age dependent. For example, when vitamin E levels (0, 20, 40, 80 and 

160 mg/kg ) were supplemented  in Taiwan Native Chicken cockerel aged 
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23 to 52 weeks,  the maximum duration of fertility seemed to improve with 

160 mg/kg in birds with an age of 49 weeks (Lin et al., 2005). Thus 

endogenous/exogenous supplementation of with anti – oxidants can help in 

improving sperm functions by reducing the levels of lipid peroxidation. 

 

2.7 Frozen storage of semen 
 

2.7.1 General Aspects of Semen Cryopreservation  

Semen cryopreservation involves cooling and storage of spermatozoa 

in a medium containing a cryoprotectant at –196°C in liquid nitrogen 

(Wishart, 1989) with an objective to restore and revive sperm to the same 

living state as they were in before freezing. Sperm survival during the 

freeze-thawing protocols is influenced by the intrinsic sperm properties such 

as the membrane lipid composition (Darin-Bennett and White, 1977; 

Blesbois et al., 2005), the thermotropic phase behaviour (Parks and Lynch, 

1992), the osmotic resistance (Blanco et al., 2000; Blanco et al., 2008) and 

the physical conditions determined by the cryopreservation protocol (Fiser, 

1991). These  protocols primarily damage the sperm plasma membrane at 

temperatures – 15 to – 60 °C both during the freezing and thawing process 

(Mazur, 1984) resulting in loss of sperm viability (Watson, 1995).  Several 

factors have been reviewed (Bellagamba et. al., 1993) that require 

consideration at the time of cryopreservation: 1) the choice of suitable 

diluent; 2) the choice of cryoprotectant to reduce cell damage; 3) the choice 

of freezing temperature; 4) methods to pre-refrigerate the semen before it is 

frozen; 5) choice of suitable storage vessel for refrigeration and freezing, 6) 

freezing rates; 7) thawing procedure ; 8)separation of cryoprotectant from 

the seminal material before fertilization; and 9) the AI technique. 
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2.7.2 The physical and chemical events sperm undergo during 

cryopreservation process (freezing and thawing).     

Spermatozoa, as is the case for all living cells, experience severe 

osmotic stress and/or ice crystal damage during the process of freezing and 

thawing. Addition of a cryoprotectant to the semen prior to freezing and 

control of the transient cooling and warming rates during preservation can 

minimize these potentially lethal effects. by, However, cooling of cells in a 

suspension at the time of freezing initiates a sequence of physical and 

chemical events that cause damage both in the cells as well as in their 

environment (Reid, 1993). The physical and chemical events that contribute 

to freezing damage are: chilling damage, dehydration damage, solute 

concentration damage and damage from ice crystals (Mazur, 1966).   

 

Chilling damage:  

Sudden cooling of plant or animal cells to temperatures near 0 °C 

induces chilling injury commonly known as “cold chock”. It has been has 

been extensively studied in mammalian spermatozoa while similar studies 

are lacking for avain spermatozoa - for example  it is experienced by sheep 

or blackbuck sperm when cooled from 30°C to 5 °C (Holt and North, 1984), 

by cattle or pig sperm when cooled down from 38 °C to 0 °C (De Leeuw et 

al., 1990) or by stallion sperm when cooled below 18 °C (Amann and 

Pickett, 1987). The mechanism underlying chilling injury has been 

extensively studied in sperm (Watson, 1981b; Watson and Morris, 1987b) 

and affects every membranous structure in the cell but is particularly 

damaging to the cell membrane (Quinn, 1985). As found, using human 

sperm as a model, chilling injury causes phase transition of the membrane 
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lipids  that result in leakage of solutes across membranes (Drobnis et al., 

1993).  In emus, chilling semen down to 5 °C before freezing, the first step 

in cryopreservation of semen, has been found to adversely affect  sperm 

membrane integrity (Malecki and Martin, 2000) although information about 

any adverse of this step is lacking for ostrich semen.  

 

 

Solute Damage:  

The next step in the overall freezing damage occurs once the 

temperature drops below 0 °C. Between – 5 and –15 °C, the extracellular 

water starts freezing while the intracellular water remains unfrozen. This 

process is called ‘supercooling’ (Mazur, 1966). Supercooling As a result 

there is an increases concentration of the solutes (particularly of the ionic 

concentrations) in the unfrozen medium. This increase in solute 

concentration may lead to modification of the pH, denaturation of DNA and 

proteins (Mazur, 1966) or aggregation and precipitation of other charged 

molecules in the medium  (Reid, 1993).   

 
Dehydration Damage:  

During ‘supercooling’ the extracellular water starts freezing at much 

higher temperatures (0 °C) while the in tracellular water remains unfrozen 

upto – 15 °C. Consequently, this may cause flow of intracellular water to 

exterior of the cell leading to dehydration and reduction in cell volume 

(Mazur, 1966). In order to accommodate these changes in the cell volume, 

the physical configuration of cells is altered causing mechanical damage 

such as physical rupture or folding of the cell membrane (Stepnokus and 

Weist, 1979). 
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Mechanical Damage from ice crystals:  

Increased ice crystallization  in the intracellular  or  the extracellular 

milieu can cause mechanical damage that is expressed by prevention of the 

flexible components from relaxing back and assuming original 

configuration prior to formation of ice crystals (Reid, 1993). It is 

noteworthy that the mechanical damage necessarily does not results in cell 

death as the survival is influenced by the amount of ice and the size of the 

crystals (England, 1993).  

 
 

2.7.3 Freezing and thawing rates influence the site and size of ice 

crystallization 

The site of ice crystallization; i.e. intracellular or extracellular is 

determined by the freezing rates. During slow freezing rates, crystallization 

occurs faster on the outside than inside the cells predisposing them  to 

increased ‘solute damage’ (Mazur, 1966). On the other hand, during rapid 

freezing rates the flow of water from inside the cell to the outside is 

prevented  and consequently  crystallization occurs within the cell (Mazur, 

1966).   Retention of too much intra-cellular water, though minimizes 

adverse solute concentration effects, is harmful due to ice crystallisation at 

the time of freezing and it’s recrystallization during thawing (Mazur, 1966).  

Secondly, freezing rates also determine the size of ice crystals known  to 

contribute towards cell survival during the freeze thawing processes: faster 

freezing rate allows formation of small crystals that are less damaging 

compared to bigger crystals that are formed with the use of slow freezing 

rates (Mazur, 1966; Reid, 1993).  
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Like the freezing rates, the thawing rates have also been found to play 

an important role in cell survival. For example, cells frozen rapidly may 

contain small ice crystals and are likely to survive freezing but using slow 

thawing rates can initiate recrystallization resulting in decreased cell 

survival (England, 1993). Thus cells undergoing cryopreservation 

experience the paradox of optimising the freezing and the thawing rates to 

minimize damage by any of the contributory factors (discussed above) 

during freeze – thawing. 

 

2.7.4 Cryoprotectants:   

The detrimental effects of the factors inducing freezing damage can 

be minimized by the use of cryoprotectants. Discovery of glycerol as a 

cryoprotectant (Polge, 1951) led to successful cryopreservation of chicken 

gametes (Donoghue and Wishart, 2000). It confers good cryoprotection to 

spermatozoa during freezing (Lake, 1978). it is the least toxic and most 

effective cryoprotectant for the chicken sperm (Tselutin et al., 1999).  it’s 

use is  limited because of  its cytotoxic effect at higher concentrations (Holt, 

2000). Moreover, it induces contraceptive effect in avain spermatozoa 

which reduces fertilizing capacity as seen in  fowl (Lake et al., 1981) and 

American kestrel spermatozoa (Brock and Bird, 1991). As a result, it has to 

be removed from frozen-thawed semen prior to insemination (Lake, 1981a; 

Brock and Bird, 1991) and thus poses practical difficulties for use of frozen 

semen that remains in contact with glycerol. Removal is carried out from 

frozen-thawed spermatozoa at 5 °C either by dialysis ((Long and Kulkarni, 

2004) or by centrifugation and resuspension (Lake, 1978). However both 

the methods have their disadvantages: while dialysis is  time consuming  

centrifugation leads  to sperm damage (Long and Kulkarni, 2004). 
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These problems with glycerol led to exploration of a range of 

alternative cryoprotectants that do not require removal from the frozen-

thawed semen prior to artificial insemination. Although many 

cryoprotectants have been investigated for cryopreservation of chicken 

spermatozoa namely: dimethylsulphoxide (DMSO), dimethylacetamide 

(DMA), ethyleneglycol (EG), dimethyl formamide (DMF) and propylene 

glycol (PG) (Lake and Ravie, 1984; Hammerstedt and Graham, 1992; Surai 

and Wishart, 1996a) but DMA and DMSO have been the  most frequently 

used cryoprotectants after  glycerol  (Tselutin et al., 1999; Donoghue and 

Wishart, 2000) as they do not affect sperm fertility. 

Both these CPAs in addition to glycerol have been used for 

cryopreservation of emu and ostrich semen at the final concentrations of 6, 9 

and 12%  (Malecki and Martin 2000, 2005; I. A. Malecki, P. K. Rybnik, A. 

Kowalczyk, E. Lukaszewicz and H. Naranowicz, unpubl. data). In these 

studies the highest sperm functions, amongst the cryoprotectants in both the 

species, were preserved with DMA with its optimal concentration varying 

with the freezing and thawing method (in pellets or in straws).   

Cryopreservation of semen in pellets has been attempted in both the species 

yielding around 20 % viable sperm in emus (with 6 % DMA) and ostriches 

(with 9 % DMA) (Malecki and Martin, 2000; Malecki and Martin, 2005; 

Malecki et al., 2008). However semen cryopreservation in straws using a 

programmable freezer has only been attempted with emu, and not ostrich, 

semen with the levels of post thaw sperm viability being comparable to the 

samples frozen as pellets (i.e 35% in both methods) (Malecki and Martin, 

2000; Malecki and Martin, 2005). It becomes evident from these studies that 

the protocols for freezing of both emu and ostrich spermatozoa are in early 
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stages of development and they appear to be show similar characteristics 

with respect to cryopreservation of semen suggesting that optimisation of 

cryopreservation protocols using DMA for one of the species has the 

potential to benefit the other.   

 

 DMA is a low molecular weight permeating cryoprotectant and its 

use as a cryoprotectant has been validated both in avian and mammalian 

species: in fowl, turkey (Chalah et al., 1999; Tselutin et al., 1999), quail 

(Chełmońska, 2006), goose (Tai et al., 2001; Lukaszewicz, 2002), raptors 

spermatozoa (Brock and Bird, 1991; Blanco et al., 2008), kangaroos 

(McClean et al., 2008), pigs (Bianchi et al., 2008),horses (Squires et al., 

2004) and fishes (de Baulny, 1999). It is less toxic and confers higher 

cryoprotection in chicken compared to DMSO (Tselutin et al., 1999) and 

propane-diol  (Brock et al., 1984). In emus, DMSO, DMA and glycerol 

have been tested at different concentrations (3, 6, 9 and 12%), using fixed 

cooling (1 – 100 °C/min) and fixed freezing  (– 1 to – 7 °C/min) rates or 

rapid freezing and thawing in iced water bath (5 °C) (Malecki and Martin, 

2000).  In these studies DMA conferred higher cryoprotection compared to 

glycerol and DMSO (Malecki and Martin, 2000).  Fast freezing and fast 

thawing of emu sperm (in pellets) requires 6% DMA, while slow freezing 

and slow thawing ( in straws) requires 9% DMA to yield around 35% viable 

sperm which is significantly higher than the sperm survival achieved on 

freezing emu sperm by DMSO and glycerol (Malecki and Martin, 2000, 

2005). As a result, the emu semen cryopreservation protocols have focused 

on use of DMA as a cryoprotectant and described here.  
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The Action of Amides:  

Amides are formed by functional groups that contain nitrogen (NH–

C=O). They interact with the water by binding their nitrogen and hydrogen 

content with hydrogen present in the water molecule. Amides are highly 

lipophilic due to incorporation of methyl (CH3) group into the amide 

molecule. The methyl group increases permeability of amides through the 

sperm plasma membrane. Moreover, a highly hydrophilic nature of the 

amide molecule allows a higher interaction with water, which reduces 

formation of intracellular ice crystals. Furthermore, the lower molecular 

weight and viscosity of amides compared to glycerol allows amides to have 

a higher membrane permeability  (Karow, 2001).  

This possibly allows  a faster permeation of amides and as suggested  

for equinr spermatozoa a more efficient binding of amides to water 

molecules amides to bind to water molecules thus confer higher 

cryoprotection than glycerol (Ball, 2001).  

 

  Benefits of DMA  

DMA confer cryoprotection due to its low molecular weight that 

allows higher membrane permeability and thus more efficient binding to 

water molecules (Karow, 2001). As a consequence the possibility of cellular 

damage caused by osmotic stress decreases with DMA compared to glycerol 

(Ball, 2001) although it is difficult to compare the efficacy of any 

cryoprotectant as it tends to vary depending upon the method of freezing 

(Tselutin et al., 1999). Level of cryoprotection byDMA can vary depending 

upon the method of freezing. For example, when fowl semen was frozen 

using very high freezing rates into pellets DMA conferred a higher 
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cryoprotection and thus higher fertility compared to glycerol while when 

fowl semen was frozen using low freezing rates in straws the cryoprotection 

by  DMA was inferior to glycerol (Tselutin et al., 1999). In another study in 

American Kestrel; the levels of post thaw sperm viability and fertility by 

DMA have been found not to to be significantly different from that of 

glycerol (Brock and Bird, 1991). 

 
Adverse effects of DMA  

Adverse effects of DMA have also been reported in chicken, turkey and 

raptors spermatozoa   DMA has been been reported to adversely affect 

sperm viability and survival rate at osmolalrities slightly over isotonicity 

(540 to 570 mOsm) in chicken, turkey and all raptor species except imperial 

eagle (Blanco et al., 2000). However, adverse effects of DMA can be 

species specific as demonstrated by a higher percentage of viable sperm 

survival in sandhill crane (≈ 70–80%) compared to turkey (≈ 50%) after a 

10 min exposure to hypertonic media (osmolarities ranging 300–3000 

mOsm/kg). Similarly, a reduction of sperm fertility by 26.1% compared to 

fresh semen on using 12.3 % DMA demonstrates DMA toxicity in 

American kestrels (Brock and Bird, 1991). In addition to the above 

mentioned adverse effects, DMA can adversely affect sperm morphology 

resulting in decreased fertility as observed by increase in the percentage of 

morphologically abnormal spermatozoa in Japanese quail when exposed to 

DMA (Chełmońska, 2006).   

 

Properties of Trehalose  

In general, the non permeating CPAs have large molecular weight, cannot 

diffuse inside the sperm (and hence non toxic) and initiate their protective 
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action above 5 °C. One of the non permeating CPAs is trehalose: a 

disaccharide sugar that occurs as a natural cryoprotectant in many living 

organisms (Sussman and Lingappa, 1959), is superior to raffinose (Storey et 

al., 1998) and sucrose (Benaroudj et al., 2001) and begins its protective 

action at temperatures well above 0 °C (Benaroudj et al., 2001). Thus it is 

ideal for preventing damage to cell membranes that occur at 0–20 °C due to 

lipid phase transitions of the plasma membranes (Hammerstedt et al., 1978; 

Parks and Graham, 1992). Trehalose confers protection by displacing bound 

water from within the cell and by preferential and stronger hydrogen-

bonding with membrane proteins and with polar ends of membrane 

phospholipids, of the cell membrane than with the bound water (Rudolph et 

al., 1986). Notably, the hydrogen bonding is not strong enough to cause 

denaturation of proteins, which happens with cryoprotectants (Rudolph et 

al., 1986). However, the bonding stabilizes plasma membranes by 

considerably reducing their transition phase temperature (Tm) that as a result 

maintain the constituent membrane lipids in a liquid crystalline state (Leslie 

et al., 1994). Reduction in Tm increases membrane fluidity and thus prevents 

membrane damage during freezing (Koster et al., 2000).  

Trehalose supplementation to the basic extender has been extensively 

tried from mammalian spermatozoa; however there are contradictory studies 

for the beneficial effects of trehalose supplementation. For example, studies 

on cryopreservation of boar, buck and ram spermatozoa have demonstrated 

that addition of trehalose to the basic extender can significantly improve 

sperm functions (sperm motility, membrane integrity and acrosome 

integrity) (Aisen et al., 2002; Aboagla and Terada, 2003; Gutiérrez-Pérez et 

al., 2009; Hu et al., 2009). On the other hand,  there are reports indicating 
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that supplementing the base extender with trehalose does not improve post-

thaw motility in ram (Nur et al., 2010), post-thaw viability European brown 

hare (Kozdrowski, 2009) and fertility in bull (Foote et al., 1993) 

spermatozoa.  

  Similar studies of trehalose supplementation are lacking in avian 

species. In addition, there exist no study that has investigated the effects of 

combining acetamide and trehalose during cryopreservation of avian 

semen.However, higher percentages of live acrosome-intact sperm in 

acetamide – trehalose combination compared to acetamide alone (53 vs 

37%; P < 0.05) as seen in rabbit spermatozoa (Dalimata and Graham, 1997) 

suggest combining acetamide with trehalose is more effective in preserving 

sperm functions than acetamide alone and could be explored for 

cryopreservation of emu sperm.  

 
2.7.5 Freezing protocols 

Freezing protocols are now available for the sperm cryopreservation 

of domestic (Table. 1.1) and non-domestic species (Table. 1.2). With few 

exceptions these protocols prefer a slow cooling rate (–1 °C/min) with 

moderate and rapid rates of freezing (–50 to –160 °C/min) followed by slow 

thawing in a 5 °C water-bath. However, the most critical aspect in 

cryopreservation protocols is to avoid the transition phase temperature (– 5 

to – 15  °C) (Watson, 1981). This passing of the transition phase has been 

achieved by: 1) the use of slow cooling rate (1–8 °C/min) followed by 

increasing the rate below –15 °C has yielded the best results in terms of 

sperm survival in fowl (Sexton, 1979); or by 2) the use of high freezing 

rates where semen/DMA mixtures is directly dropped into liquid nitrogen at 
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–196 °C forming pellets (Tselutin et. al. 1995). This simple and rapid 

technique for freezing poultry semen directly at –196 °C in a diluent with 

DMA has yielded results that do not differ significantly in terms of fertility 

(75 – 85%) and sperm quality with those obtained by the more sophisticated 

methods of freezing spermatozoa in programmable freezers (Wishart, 2001).   

In general survival of around 50% frozen thawed sperm have been 

found to be adequate to make practical use of cryopreserved semen for 

insemination. However for emus, the sperm survival (30 – 35%), motility 

score (1 – 2) and egg membrane penetration ability (2 – 16 PoH/mm2) levels 

obtained after slow or rapid freezing of semen are very low (Malecki and 

Martin, 2000, 2005) and warrant further studies before frozen emu semen 

can be routinely used for artificial insemination under field conditions. 

Overall, from the different aspects of semen cryopreservation 

described above, it becomes clear that the degree of cryoprotection 

conferred by any CPA depends not only on it’s concentration or it’s 

interaction with cooling rates (Mazur, 1966) but also varies with the 

duration of exposure and the temperature and composition of the medium 

(Brock and Bird, 1991; Chalah et al., 1999; Tselutin et al., 1999; Tai et al., 

2001; Chełmońska, 2006; Meryman, 2007; Bianchi et al., 2008; Blanco et 

al., 2008). In addition, spermatozoa show species specific variations in their 

ability to resist damage during freezing. These differences in resistance vary 

depending upon the cholesterol: phospholipid ratio or the ratio of 

polyunsaturated: saturated phospholipid-bound fatty acids of the 

spermatozoa (Darin-Bennett and White, 1977, Blesbois et. al., 2005). These 

ratios were found to remain unchanged amongst fresh and frozen 

spermatozoa of the cryotolerant species (rabbits and humans) (Darin-
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Bennett and White, 1977; Blesbois et al., 2005) but varied in the 

cryosensitive species ( ram and bull) (Darin-Bennett and White, 1977; 

Watson, 1981). Alternatively, these differences in resistnace to freezing can 

be explained by variations  in the thermotropic phase behaviour of 

glycolipids of the sperm plasma membrane (Parks and Lynch, 1992). Using 

this method for measuring the difference in cryotolerance Park and Lynch 

(1992) demonstrated rooster sperm to be more tolerant to rapid cooling 

compared to mammalian sperm.  However in emus, cooling of semen down 

to 5 °C  has been reported to decrease the fertilizing ability by 35 – 50% 

which has been found to be independent of the cooling rates tested in the 

range of 1 – 100 °C/min (Malecki and Martin, 2000). Amongst the CPAs 

(DMA, glycerol and DMSO) tested in the range of 3 – 12% the level of 

cryoprotection was highest with DMA, intermediate with DMSO and 

minimal with glycerol (Malecki and Martin, 2000). On adopting fast 

freezing and fast thawing protocol (i.e. freezing emu semen as pellets) lower 

concentration of DMA (6%) yielded sperm with higher egg membrane 

penetration ability (16 PoH/mm2 compared to 3 and 8 PoH/mm2 with 9 and 

12% DMA respectively) and higher sperm motility (score of 2 compared to 

< 1 with 9 and 12% DMA). On the other hand during slow freezing and 

slow thawing protocol 9% DMA (compared to 3 & 6% DMA) provided 

higher sperm survival (35% viable sperm compared to 10 and 30% with 3 

and 6% DMA respectively) and higher sperm motility score (2.5 compared 

to 1 and 2 with 3 and 6% DMA respectively).  

Irrespective of the freezing protocol the significant loss in sperm egg 

membrane penetration ability, viability and motility after freezing is 

suggestive of emu sperm plasma membrane to experience an irreversible 
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damage. This damage possibly occurs due to susceptibility of emu 

spermatozoa to high osmolarities of the cryoprotectants (Malecki and 

Martin, 2000). However susceptibility limits of emu spermatozoa to 

hypertonic values and the nature of damage (reversible or irreversible) 

experienced by sperm plasma membranes are yet to be established. 

Secondly the damage experienced during the cooling of semen from 20 

down to + 5 °C needs to be minimised to decrease loss (35 – 50 %) of 

fertilizing ability. Decreasing the loss of sperm at the time of cooling or 

optimising concentrations of cryoprotectants will help to improve the 

cryopreservation protocol for emu spermatozoa.  

 
2.7.6 Vapour freezing 

Manual vapour freezing of straws over LN2 vapour in a styrofoam 

box is inexpensive, easy to replicate under field conditions. It has been used 

for cryopreservation of fish (Li et al., 2010), ram (Pontbriand, 1989) and 

human (Paras et al., 2008) sperm but similar studies are lacking in birds. It 

requires adequate precaution to avoid disturbances in the air currents in the 

vicinity of the LN2 bath as these can disrupt the cooling/freezing process 

and reduce post-thaw viability (Pontbriand, 1989) and can be compared to 

the use of an automated, programmable LN2 unit. However, manual freezing 

provides uncontrolled freezing rates as they constantly change with the 

decrease in internal temperature (Robbins, 1976). It has been found to 

provide the post-thaw motility and viability that does not differ significantly 

from the computerised slow-stage freezing in rams and humans (Pontbriand, 

1989; Paras, 2008) although there are studies contesting this claim. For 

example, studies in humans suggest slow programmable freezing to be 

superior to vapour freezing as a method for sperm cryopreservation (Stanic 
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et al., 2000; Hammadeh et al., 2001). Nevertheless vapour freezing should 

be investigated for freezing of emu semen because it is inexpensive and 

easy to replicate under filed conditions. 

 

2.7.7 Role of cholesterol in cryopreservation  

Cholesterol plays an important role in modulating plasma membrane 

fluidity and stability by interacting with regions of membrane phospholipids 

near to their polar heads (Yeagle, 1985; Alberts et al., 1994; Medeiros et al., 

2002). It tends to reduce membrane fluidity at high temperatures but at 

lower temperatures it helps to prevent membranes from freezing by 

reducing transition phase temperature of the cell membrane (Amann and 

Pickett, 1987) and thus tends to maintain membrane fluidity (Stubbs and 

Smith, 1984).   

Loss of cholesterol during freezing increases deformity and rigidity of 

the membrane structures resulting in membrane destabilation as observed in 

bull, ram, boar, stallion, rabbit sperm (Hammerstedt et al., 1978). On the 

other hand, sperm membranes with higher cholesterol content are less rigid 

and usually experience lesser damage at the time of cooling or freezing as 

observed in stallion spermatozoa (Amann and Pickett, 1987). Similar studes 

are lacking with avain spermatozoa.   

Cholesterol content of the plasma membrane also has a direct bearing 

on it’s cholesterol/phospholipid ratio – a major factor in determining the 

plasma membrane fluidity and stability, and thus maintain sperm viability, 

during cryopreservation (Darin-Bennett and White, 1977). Thus, higher the 

cholesterol content retained in the plasma membrane after freezing higher is 
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the post thaw sperm viability and vice- versa, as observed in bull 

spermatozoa (Purdy, 2004).  

 
2.7.8 Cyclodextrins (CLCs) 

CLCs (sometimes called cycloamyloses) are water soluble, cyclic 

hepatasaccharides consisting of β (1–4) glucopyranose units, possessing 

outer hydrophilic sites and an inner hydrophobic central cavity (Karoui, 

2004). They are capable of moving in or out of the membranes by means of 

a concentration gradient and thus can be used to increase the cholesterol 

content of the sperm plasma membrane (Purdy, 2004). 

Although studies in macrophages and myometrial cells (Klein et al., 

1995; Atger, 1997) or sperm (Purdy, 2004) show that it is possible to 

increase the plasma membrane in different types of cells but there are 

contrasting reports about benefits of treating spermatozoa with CLCs. For 

example, treating mouse and human sperm with CLCs removes cholesterol 

from their sperm plasma membrane and consequently induces sperm 

premature capcitation (Choi and Toyoda, 1998; Cross, 1999). On the 

contrary, stallion and bull sperm pre treated with CLCs prior to 

cryopreservation have been demonstrated to possess higher post –thaw 

sperm motility and viability than the control sperm (Combes et al., 1998; 

Purdy, 2004). Purdy (2004) also found that increasing the cholesterol 

content of the plasma membrane does not adversely affect the in vitro or in 

vivo fertility in fresh bull ejaculates.   
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The use of pooled semen, as in this study, minimizes the effects of individual males and improves the appraisal of freezing effect 

Table 1.3 Summary of cryopreservation protocols used in domesticated avian species (mean ± SEM or range; nd – not measured) 

Freezing 
method 

 
Species Cryoprotectant Freezing rate 

Thawing 
method 

Fresh 
motility 

(%) 

Thawed 
motility 

(%) 

Fertility    
(%) 

Hatchability 
(%) Reference 

Glass 
ampoules 

Chicken Glycerol 13.6 % In programmable, freezer from + 5 °C to – 35 °C @ –1 °C /min, then 
maintained at  – 35 °C for 5 mins and then plunged into liquid nitrogen. 

Alcohol bath 
( 2 – 5 °C) 

nd nd 92.6 98.2 (Lake, 1981b) 

Glass 
ampoules 

Turkey DMSO 4% Cooled  from + 5 C to –20 °C @ 1.1 °C/min, then dropped to – 180 °C in 1 min  
by placing the ampoules horizontally on a rack 7–5 cm above liquid nitrogen 
vapour followed by immersion in liquid nitrogen (–196°C). 

Ice bath. 95 ± 1 40 0 nd (Bakst, 1979) 

Straws Chicken Glycerol 9 % In programmable freezer  from + 5 °C to – 45 °C @ – 3 °C /min, from – 45 °C 
to 100 °C  and then plunged into liquid nitrogen. 

In air at 5 °C for 5 
min 

nd nd 19.7  48 (Tajima et al., 1989) 

Straws Chicken Glycerol 11 % In programmable freezer from + 5 °C to – 35 °C @ –7 °C /min, from – 35 °C  
to      – 90 °C @ –8 °C/min and  then plunged into liquid nitrogen. 

In water bath (5°C) 
for 4 min followed by 
glycerol removal. 

90 – 92 21 – 41 76 nd (Seigneurin and Blesbois, 
1995) 

Straws Chicken DMSO 4% In programmable freezer from + 5 °C to – 20 °C @  –1 °C /min in 3 l alcohol 
bath, from – 20 °C  to – 80 °C @ – 40°C/min in liquid nitrogen vapours  and 
then plunged into liquid nitrogen. 

In water bath (15°C) 
for 15 min. 

nd nd 44 nd (Duplaix and Sexton, 1983) 
 

Straw Emu DMA 9% Semen  cryoprotectant with diluent  in iced water bath for 30 mins,  followed by  
reduction of  temperature from +5°C to –35°C @1°C/min  in  programmable 
freezer , held at  – 35 °C  for 5 mins and then plunged in to liquid nitrogen. 

Iced water bath (5°C), nd 20 – 40 nd nd (Malecki and Martin, 2000) 

Straws Gander DMF 6% Equilibrated for 15 min at +4 °C, and in programmable freezer from + 4 °C to –
140 °C  @ 60 °C/min and then plunged into liquid nitrogen. 

60 °C waterbath nd nd 83.7 ± 9.5 73.87 ± 7.2 (Lukaszewicz, 2002) 

Straws Gander DMA 9% Equilibrated for 10 mins at 5 °C, then transferred from + 5 °C to dry ice and 
kept there for  1 – 2 h before plunging into liquid nitrogen 

45 °C waterbath 2.7 ± 0.4 1.9 ± 2.5 96.1 nd (Tai et al., 2001) 

Straws Turkey DMSO 4% Frozen from 25 to 0°C @ – 3.3/min in alcohol bath, from 0 to – 20 °C @ – 
1.1/min in liquid nitrogen vapours. ( not frozen at – 196 °C but only      – 20 °C)

Iced water bath nd nd 61 nd (Sexton, 1981) 

Pellets Emu DMA 6% Pellets formed directly in liquid nitrogen. 
 

60 °C nd 1 – 20  nd nd (Malecki and Martin, 2005) 

Pellets Chicken DMA 6% Ampoules of semen dropped directly into liquid nitrogen at – 196°C. 60 °C nd nd 93 – 94 nd (Tselutin et al., 1995) 

Pellets Turkey DMA 6% Cooled to – 2 to  – 3 °C @ 0.6 to 0.8 °C/min and thereafter cooled again @ – 2 
to  – 3 °C in nitrogen vapour  followed by dropping of semen in liquid nitrogen 
(–196°C). 

Rapid (60°C). nd nd 71 – 84 80.2 – 85.3 (Tselutin et al., 1995) 

Penicillin 
flasks 

Drake 
(Pekin) 

DMA 5% Semen held at 2 – 4 °C for 30 – 40 mins at 4 °C,  followed by freezing in 
programmable freezer (cryostat)  for 4 min at – 75 to  – 80°C and then plunged 
into liquid nitrogen 

65 °C nd nd 79.1 ± 3.1 82.1 ± 2.8 (Tselutin et al., 1995) 
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Table 1.4 Summary of cryopreservation protocols used in non-domesticated avian species (mean ± SEM or range; nd – no data). 
 

Freezing 
method 

Species Cryoprotectant Freezing rate Thawing method Fresh motility 
(%) 

Thawed 
motility (%)  

Fertility 
(%) 

Hatchability  
(%) 

Reference 

Straw American kestrel Glycerol 13.6 % In programmable freezer @ –6 °C /min from +5 °C to – 
196 °C. 

Slow in iced water-
bath (3–5 °C). 

40 – 60 % 32 – 48 8.3 4.15 (Brock et al., 1984) 

Straw American kestrel DMA 12.3% Using nitrogen vapour for freezing @ 
–6 °C /min from +5 °C to – 196 °C. 

Slow in iced water-
bath (5 °C). 

64 ± 2.8 13 ± 1.6 30 nd (Brock and Bird, 1991) 

Straw American kestrel DMSO 6 – 10% From + 5 °C to – 20°C @ –1 °C /min , from –20 to – 80 
°C @ – 50 °C /min and  from –80 to   –196 °C /min @ –
160 °C /min 

Slow in iced water-
bath (5 °C). 

77 ± 9.0 57 ± 12 35 – 57 11 – 29 (Gee et al., 1993) 

Screw  
capped 
cryovials 

Blue rock pigeon DMSO 8% From + 24 °C to 4 °C @ –1 °C /min ,  from  4 to – 85 °C 
@ –  8 °C /min and  finally the cryovials were plunged 
directly into liquid nitrogen. 

Slow ( 37 °C)  for 1 to 
2 min. 

80 40 nd nd (Sontakke et al., 2004) 

Straw Budgerigar Modified 
glycerolated (13.6 
%) BWW1 solution 

From + 5 °C to – 70°C @ –5 °C /min and then dropped in 
liquid nitrogen at –196 °C. 

Slow in iced water-
bath  
(3 – 5 °C). 

92 45 67 33 (Samour and Samour, 
1988) 

Pellets Houbara bustard DMA 8% As pellets by direct plunging into liquid nitrogen. Slow in iced water-
bath (5 °C). 

60 15 100 50 (Hartley, 1999) 

Screw  
capped  
cryovials 

Indian White-
backed Vulture 

DMSO 8% From + 24 °C to 4 °C @ –1 °C /min , from  4 to – 85 °C 
@ –  6 °C /min and  finally the cryo vials were plunged 
directly into liquid nitrogen. 

At 37 °C for 1 to 2 
min 

60.1 ±  10.5 33.5 ± 5.3 nd nd (Umapathy et al., 2005) 

Straw Magellanic 
penguin 

DMSO 8% From + 4 °C to – 80°C rapidly @ –50 °C /min followed 
by direct plunging into liquid nitrogen. 

Rapid (37 °C). 59.2 40.6 nd nd (O'Brien, 1999) 

Straw Northern pintail DMSO 4% From + 5 °C to – 20°C @ –1 °C /min , from –20 to – 70 
°C @ – 60 °C /min and  thereafter dropping into liquid 
nitrogen. 

Slow in iced water-
bath (5 °C). 

57.4  ± 6.1 32 ± 8.3 0 0 (Penfold, 2001) 

Pellets Pheasants (17 
species) 

DMA 6% Direct dropping into liquid nitrogen. Rapid (60 °C) in 3 – 5 
s. 

nd nd 0 – 100 0 – 83.33 (Jalme et al., 2003) 

1
BWW – Biggers, Whitten and Whittingham’s medium 
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Similar studies are lacking for avian spermatozoa here is no evidence 

to demonstrate similar results in but this simple and practical technology 

may be investigated and if found effective could be incorporated into the 

current emu semen cryopreservation protocol to improve survival of 

cryopreserved spermatozoa.  

 2.8 Methods for evaluating sperm functions  

Sperm are vulnerable to damage experience a considerable loss of 

sperm function both during liquid – and cryo – preservation ( Silva and 

Gadella, 2006). Hence an accurate assessment of sperm functions is of 

utmost importance. It helps to identify the best liquid – and cryo – 

preservation protocols after different treatments.   Basic avian spermiogram 

routinely incorporates assessment for semen volume and appearance 

(colour), sperm concentration, viability, morphology and motility (Long and 

Kulkarni, 2004; Umapathy et al., 2005; Dzoma, 2010). Assesment of these 

parameters may assist in predicting fertilisation capacity of spermatozoa 

(Pursel, 1973; Wishart, 1995; Chalah et al., 1999). in and  Sperm quality has 

also been assessed by measuring sperm ATP content  (Wishart and Palmer, 

1986) or by measuring the reduction of tetrazolium dye (Chaudhuri and 

Wishart, 1988). Both these tests possess a high correlation with fertilising 

ability (Wishart, 1995).  

On the other hand the studies based on currently used laboratory 

assays (such as motility, morphology or viability) do not consistently 

correlate with prediction of sperm fertilizing ability (Amann and 

Hammerstedt, 1993; Rodriguez-Martinez and Larsson, 1998; Graham, 2001; 

Colenbrander et al., 2005; Aitken, 2006).   For example measurement of 
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sperm motility and ATP have been found to be poor predictors of fertilising 

capacity for in vitro stored or treated spermatozoa of domestic fowl 

(Wishart, 1995). Similarly routinely assessed sperm parameter like viability, 

fails to identify the true percentage of ‘unfit’ sperm as seen during storage 

of turkey semen for 24 h that could be detected only when semen was 

exposedto low osmolarity (Bakst et al., 1991; Donoghue et al., 1996). In 

other words, although ‘poor’ semen quality (in terms of motility, 

morphology and viability) may be an indicator of sub-fertility but when 

quality of semen is graded as ‘good’ (in terms of motility, morphology and 

viability) it necessarily does not guarantee good fertility. Thus, in addition 

to the routinely used tests for assessment of semen quality through the 

classical spermiogram (i.e sperm viability, motility and morphology), it is 

pertinent to include other tests (such as Hypo-osmotic swelling test (HOST),  

Normal metabolic activity, Sperm – egg interaction assay after AI/natural 

mating, Egg break out fertility for examination of bastodisc/blastoderm and 

Hatchability)  that can be routinely used to measure functionally of 

competent membranes and organelles at a low cost. 

 Overall the tests for assessment of sperm functions can be classified 

into: 1) In vitro; and 2) In vivo methods and are listed in Table.1.5 and each 

method within the two categories described thereafter. 

Table 1.5 In vitro  and in vivo tests for assessment of sperm function  

In vitro methods In vivo methods 

Sperm Viability Sperm – egg interaction assay after AI/natural mating 

Motility   Egg break out fertility for examination of 

bastodisc/blastoderm 

Normal metabolic activity Hatchability 

Morphology   

Hypo-osmotic swelling test  (HOST) 
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2.8.1 In vitro methods to assess the sperm functions 

Bird sperm can be divided into 3 regions namely:  the anterior piece 

(consisting of acrosome and nucleus), the mid piece (consisting of anterior 

portion of the axoneme and highly modified mitochondria extending up to a 

raised annulus) and the principle piece (consisting of tail extending up to the 

cells termination) with all the regions surrounded by a plasma membrane 

(Kirby and Froman, 2000). Damage to plasma membrane of any particular 

region can occur independently of the other regions. Thus in order to 

determine functional capacity of all the regions of sperm (i.e head, midpiece 

and tail membrane) all the regions of sperm plasmalemma must be 

evaluated accurately Functionality of the plasma membrane of the anterior 

piece (i.e. nucleus and acrosome) is assessedby evaluating a) sperm viability 

and b) integrity of acrosome membrane; of the mid-piece is assessed by 

determining  mitochondrial integrity using either the mitochondrial stains or 

by measurement of end products of mitochondrial activity; and lastly of the  

principle piece is assessed by evaluating sperm motility, hypo osmotic 

swelling test (HOS Test) or through in vitro sperm – egg interaction assay. 

All these tests are summarised in Table 1.6 and discussed below. 

 

 2.8.1.1 Functional status of the plasma membrane over the anterior piece  

Sperm Viability  

 a) Eosin and Nigrosin stain (membrane impermeable non fluorescent dyes)  

Eosin- Nigrosin staining has been routinely used to assess sperm 

viability by determining live/dead and abnormal sperm numbers in 

mammalian and bird species such as bulls, humans, boars, turkey, chicken 

and quails (Swanson and Bearden, 1951; Vazquez et al., 1997; Chalah and 



 

Billard, 1998; Hrabia et al., 2003; Bjornd

2008). Eosin 

membrane. If so the sperm 

classified as ‘dead’. On the other hand if the plasma membrane is not 

damaged t

not stain and and hence remain white in colour and are classified as ‘live’ 

sperm.   

Figure 4.  N

Figure 5. N

 

Morphology

Use

contrasting background 

used for morphometry analysis of live 

(Donoghue, 1996; Chalah and Billard, 1998; Chalah et al., 1999)

Billard, 1998; Hrabia et al., 2003; Bjorndahl et al., 2004; Blanco et al., 

osin can penetrate sperm only if they have a damaged plasma 

membrane. If so the sperm stain pink or red (eosinophilic colouration)

classified as ‘dead’. On the other hand if the plasma membrane is not 

damaged then entry of eosin is prevented in to the sperm. As a result they do 

not stain and and hence remain white in colour and are classified as ‘live’ 

 
N-E stained micrograph showing live normal and live abnormal  emu sperm

 
N-E stained micrograph using showing dead  emu sperm

Morphology 

e of nigrosin in combination with eosin (N-E stain)

contrasting background for identification of live/dead sperm 

morphometry analysis of live sperm as done in turkey and chicken 

(Donoghue, 1996; Chalah and Billard, 1998; Chalah et al., 1999)
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ahl et al., 2004; Blanco et al., 

only if they have a damaged plasma 

stain pink or red (eosinophilic colouration) and 

classified as ‘dead’. On the other hand if the plasma membrane is not 

in to the sperm. As a result they do 

not stain and and hence remain white in colour and are classified as ‘live’ 

 
E stained micrograph showing live normal and live abnormal  emu sperm 

 
stained micrograph using showing dead  emu sperm 

E stain) provides a 

identification of live/dead sperm and can also be 

in turkey and chicken 

(Donoghue, 1996; Chalah and Billard, 1998; Chalah et al., 1999).  



 

Morphological abnormalities can be distinguished with regard to the 

sperm head, midpiece and tail (principal piece). Head abno

include acrosome abnormalities (lipped acrosome, acrosome with cyst and 

abnormal distribution of the acrosome), abnormal head forms 

(macrocephalic, microcephalic, pyrifrom, round, doubled head, narrow, 

bizzare from) or abnormal neck forms (de

Midpiece abnormalities can be evaluated as coiled, ruptured, thick and 

kinked midpieces and abaxial insertion of the midpiece in the head region. 

Lastly, the tail defects can be classified as bent/kinked, coiled or ruptured 

tails.  

In our study all the morphological alterations reported were in the 

membrane intact (live) sperm. These were classified as morphologically 

‘live - normal’ sperm if no morphological alteration was observed in any of 

the regions whereas those with alte

abnormal’ sperm. In our study 95% of the total abnormalities observed in 

‘live - abnormal’ were membrane intact bent

Figure 6. Micrograph N
(thin black arrows) and dead (thin white arrows) emu sperm.

b) Membrane impermeable fluorescent dyes: 

Like N

sperm with damaged plasma membrane but fail to stain sperm with

Morphological abnormalities can be distinguished with regard to the 

sperm head, midpiece and tail (principal piece). Head abno

include acrosome abnormalities (lipped acrosome, acrosome with cyst and 

abnormal distribution of the acrosome), abnormal head forms 

(macrocephalic, microcephalic, pyrifrom, round, doubled head, narrow, 

bizzare from) or abnormal neck forms (detached head and kinked neck). 

Midpiece abnormalities can be evaluated as coiled, ruptured, thick and 

kinked midpieces and abaxial insertion of the midpiece in the head region. 

Lastly, the tail defects can be classified as bent/kinked, coiled or ruptured 

In our study all the morphological alterations reported were in the 

membrane intact (live) sperm. These were classified as morphologically 

normal’ sperm if no morphological alteration was observed in any of 

the regions whereas those with alterations were classified as ‘live 

abnormal’ sperm. In our study 95% of the total abnormalities observed in 

abnormal’ were membrane intact bent-principal piece sperm

Micrograph N-E stain showing live abnormal (thick white ar
(thin black arrows) and dead (thin white arrows) emu sperm. 

Membrane impermeable fluorescent dyes:  

Like N-E stain, exclusion dyes, work on the principle of staining only 

sperm with damaged plasma membrane but fail to stain sperm with
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Morphological abnormalities can be distinguished with regard to the 

sperm head, midpiece and tail (principal piece). Head abnormalities can 

include acrosome abnormalities (lipped acrosome, acrosome with cyst and 

abnormal distribution of the acrosome), abnormal head forms 

(macrocephalic, microcephalic, pyrifrom, round, doubled head, narrow, 

tached head and kinked neck). 

Midpiece abnormalities can be evaluated as coiled, ruptured, thick and 

kinked midpieces and abaxial insertion of the midpiece in the head region. 

Lastly, the tail defects can be classified as bent/kinked, coiled or ruptured 

In our study all the morphological alterations reported were in the 

membrane intact (live) sperm. These were classified as morphologically 

normal’ sperm if no morphological alteration was observed in any of 

rations were classified as ‘live - 

abnormal’ sperm. In our study 95% of the total abnormalities observed in 

principal piece sperm (Fig.6). 

 
E stain showing live abnormal (thick white arrows), live normal 

E stain, exclusion dyes, work on the principle of staining only 

sperm with damaged plasma membrane but fail to stain sperm with intact 
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plasma membrane. Hence these dyes can also be used for identification of 

live/dead sperm after liquid- or cryo – preservation of semen in different 

species (Revah et al., 2000; Iaffaldano and Meluzzi, 2003). Sperm that do 

not stain with these dyes are classified as ‘live’ while the ones stained are 

classified as ‘dead’.  

However, these dyes require a fluorescent microscope or flow cytometer 

for assessment of sperm viability. Propidium Iodide (PI) (Donoghue et al., 

1996), Ethedium Homodimer-1(EH – 1) (Ortega Ferrusola et al., 2009), 

Diamidino-Phenylindole (DAPI) (Wishart, 1997) are some of the probes 

that have been used for testing sperm viability in chicken and turkey sperm 

and found not to interfere with the subsequent oocyte fertilization or embryo 

development (Donoghue et al., 1996).   

c) Sperm Viability using Acetylated membrane (AM) loading dyes:  

Acetylated membrane (AM) loading dyes can penetrate sperm with or 

without an intact/living sperm plasma membrane. In case of a sperm 

possessing an intact sperm plasma membrane the dyes enter the intact 

cytoplasm and get deacylated. Once deacylated the dyes  cannot diffuse out 

of the intact plasma membrane and consequently stain the nucleus of only 

these metabolically- and membrane- intact sperm that are classified as ‘live’ 

(Silva and Gadella, 2006). However, in case of sperm with a damged 

plasma membrane the AM probes easily leaks out and such sperm are 

classified as ‘dead’. AM loading dyes have been used for viability
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      Table 1.6 Summary of In vitro tests for assessment of sperm function  

Sperm Region Sperm Function By 
 

Examples 

Anterior piece 

Sperm viability 

Membrane impermeable non fluorescent dyes Eosin and Nigrosin stain 

Membrane impermeable fluorescent dyes 
Propidium Iodide (PI), Ethedium Homodimer-1(EH – 1),  Diamidino-
Phenylindole (DAPI)  

Acetylated membrane (AM) loading dyes Fluorescin diacetate, Carboxy (methyl) derivatives,  SYBR-14, Calcein AM 

Integrity of acrosome membrane 

Fluorescent Conjugated Lectins (FCLs) 
Pisum sativum  (PSA), Arachis hypogaea ( PNA), Concanavalin A lectins (Con 
A) 

Lysosmotropic probes Lysotracker Green , Orange, Red or Deep Red TM 

Total acrosin levels Calorimetric measurement 

Mid piece Mitochondrial integrity 

Mitochondrial Stains:  JC-1, Rhodamine-123 

Dye Reduction Test  Tetrazolium (MTT) reduction test 

Principal piece 
Ability of sperm to swim to oocyte,  to 
penetrate the egg membrane;  and to 
fertilize the oocyte 

Sperm motility 

Hanging drop method, Mass Motility Score (MMS), Spectrophotometric 
assessment of motility, Sperm Motility Index,  
Sperm motility using a video camera, Computer Assisted Semen Analysis 
(CASA) 

Hypo-osmotic swelling test  

In vitro sperm – egg interaction assay Number of holes made by sperm in the inner peri-vitelline layer (IPVL) 
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assessment in both fresh and cryopreserved semen. For example Fluorescin 

diacetate (Bayyari et al., 1990) Carboxy (methyl) derivatives (Chalah and 

Billard, 1998), SYBR-14  and Calcein AM  (Donoghue et al., 1995) have 

been used for evaluation of sperm viability of liquid- and cryo- preserved 

chicken and turkey sperm. AM loading dyescan be combined with another 

fluorescent dye such as Propidium Iodide (PI) or Ethedium Homodimer-

1(EH – 1) and are then reffered to as dual stains. Dual stains such as SYBR-

14/PI, SBYR/EH-1, Carboxyfluorescein Diacetate/PI can be used for 

differentiation of  ‘live’ and ‘dead’ cells using a fluorescent microscope 

(Chalah and Billard, 1998) or through a flow cytometr as done for turkey 

spermatozoa (Donoghue et al., 1996). SYBR-14/PI has been compared with 

eosin/nigrosin stain for assessment of sperm membrane damage following 

liquid- or cryo- preservation of to fowl semen (Chalah andBillard, 1998). 

Chalah andBillard, (1998) found that During liquid storage at 4 °C the 

SYBR-14/PI combination was found to be more effective than the N-E stain 

for the detection of ‘viable’sperm. However this was true only when sperm 

viability was evaluated in semen stored for less than 30 min. Beyond 30 

min, when the samples were stored for 2, 4 and 24 h, there were no 

differences in the level of detection of ‘viable’ sperm between the SYBR-

14/PI combination or the N-E stain. For cryopreserved spermatozoa, the two 

stains were equally sensitive in detection of viable sperm immediately after 

thawing although a higher percentage of non viable spermatozoa could be 

detected by the SYBR-14/PI stain when the thawed samples were stored 

agitated at 4 °C for upto 4 h. However, the level of detection of ‘viable’ 

sperm did not differ significantly amongst the two stains when the thawed 

samples were stored for 24 h. 
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Integrity of Acrosome Membrane:   

Spermatozoon must retain an intact acrosome till it penetrates the egg 

membrane of the oocyte and undergoes the acrosome reaction. However, 

acrosome integrity is affected when sperm samples are subjected to different 

cooling and storage protocols (Cross and Meizel, 1989; Cross and Hanks, 

1991; Graham, 2001). Thus, integrity needs to be assessed to determine 

changes in the fertilizing capacity on exposure to o liquid or frozen storage 

protocols.  This is generally assessed using i) Fluorescent conjugated 

lectins, ii) Lysotracker probes or iii) Measurming Acrosin levels.   

Fluorescent Conjugated Lectins (FCLs):                                                                          

It is based on the principle of loading acrosome conjugated lectins 

with fluorescent probes and detecting fluorescence of the acrosome region 

that will fluoresce only if the acrosome membrane is damaged as the FLCs 

gain access to acrosome specific glycoproteins only in the damaged 

acrosome membranes. Pisum sativum (derived from green pea, PSA), 

Arachis hypogaea (derived from peanut, PNA) and Concanavalin A lectins 

(Con A) are acrosome conjugated lectins that have been commonly used for 

labelling outer acrosomal membrane or acrosomal matrix glycoproteins of 

humans, porcines, equines and canines sperm (Holden, 1990; Cheng, 1998; 

Flesch et al., 1998; Szasz et al., 2000).   

Evaluation of acrosomal status by FLCs requires that the cells to be 

permeabilized before labelling that  can be carried out as per the procedure 

described by Lassalle and Testart (1996) for human sperm. The lectin-

treated sperm suspensions are first washed twice in PBS to remove free 

lectin. Thereafter 0.5 ml 95% ethanol is added dropwise directly onto the  
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sperm pellet followed by a 30 min incubation at 4°C. This is followed by 

removal of ethanol by a minimum of two centrifugation cycles, then by 

addition and mixing of 40 µl of FTTC-PSA stock solution (100 µg/ml) with 

the resultant pellet. Ten microliter of sperm suspension is then placed 

between a slide and a coverslip and 150 sperm observed under a microscope 

equipped with epifluorescence and their status (acrosome-reacted and 

acrosome-intact spermatozoa) evaluated. A positive control can be set by 

inducing the acrosome reaction by incubating (30 min at 37°C) a sperm 

suspension with calcium ionophore A23187 [stock solution in dimethyl 

sulphoxide (DMSO) and frozen at -20°C] at a final concentration of 20 |xM. 

There is a variation in binding between the normally used FLCs: 

while PNA exhibits specific binding  to the outer acrosomal membrane  and 

is thus is preferred to PSA that binds not only to the outer acrosomal 

membrane but also to the glycoproteins of the sperm plasma membrane 

(Flesch et al., 1998). Irrespective of the source /origin the acrosome 

conjugated lectins do not fluoresce and thus need to be labeled with 

fluorescent probes like: FITC as done in chicken turkey goat sperm (Wishart 

and Staines, 1999; Aboagla and Terada, 2003)  or else withTRITC or RPE 

as done in boar sperm (Gadella and Harrison, 2000; Gadella and Harrison, 

2002). Hence different combinations of FLCs with fluorescent probes have 

been used to classify degree of damage to the acrosome membrane are 

PNA-FITC (Wishart and Staines, 1999; Aboagla and Terada, 2003), PNA-

TRITC and PNA-RPE (Gadella and Harrison, 2000; Gadella and Harrison, 

2002).  
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This technique can be used for detection of fluorescent conjugates 

lectins (by flow cytometry or by life cell image microscopy) both in live and  

dead sperm samples (Gadella and Harrison, 2002). When acrosome staining 

is carried out in a live sperm sample, detection of fluorescence indicates 

acrosome disruption or acrosome reaction while absence of florescence 

signifies an intact acrosome.  However this technique does not provide any 

idea about the degree of acrosome reaction. On the other hand  if  acrosome 

staining is carried out on fixed and permeabilized sperm there is variation in 

the degree of acrosome reaction of sperm with full fluorescence signifying  

intact acrosomes while acrosomes with lower, patchy or equatorial band 

fluorescence indicate acrosome disruption or acrosome reaction (Silva and 

Gadella, 2006). 

   
Lysosmotropic probes: 

Specific probes (known as lysotracker dyes/probes) can be used for 

evaluating the acrosomes integrity. The procedure involves initial staining 

of lysosomes with these probes which are then employed to specifically 

stain acrosomes. As shown in mouse sperm, their uptake is accompanied by 

significant enhancement of fluorescence signifying intact acrosome while 

the fluorescence is considerably low in acrosomes possessing a damaged 

acrosomal membrane (Rockwell and Storey, 2000). Depending upon the 

excitation and emission wavelengths different lysotracker dyes are available 

for e.g. Lysotracker Green TM (with an ex/em 488/515 nm wavelength), 

Lysotracker Orange TM (with an ex/em 488/550 nm wavelength) 

Lysotracker Red TM (with an ex/em 568/590 nm wavelength) and 

Lysotracker Deep Red TM (with an ex/em 628/650 nm wavelength.  
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Measuring total acrosin levels:  

This method involves calorimetric measurement of acrosin, a sperm-

specific acrosomal enzyme possibly involved in the acrosome reaction, 

contact of a spermatozoon with the oocyte, and sperm penetration through 

oocyte investments, by causing lysis of the peri-vitelline layers (Langford 

and Howarth, 1974). A high correlation (r = 0.896) has been found between 

acrosin levels and the degree of acrosomal damage in unfrozen and 

cryotreated human sperm (Mack and Zaneveld, 1987). Similarly, acrosin 

level were found to decrease in the canine (Froman et al., 1984) or human 

sperm (Cross and Hanks, 1991) when subjected to the cryopreservation 

protocols. For this reason, measurement of sperm acrosin activity may be a 

useful tool for studies of fertilization in birds and for assessment of semen 

quality in domesticated avian species when subjected to cryopreservation 

protocols. It can be measured objectively by using a calorimeter but is 

complicated due to the presence of a zymogen form of this enzyme 

(proacrosin) and acrosin inhibitors (Glogowski, 2001). Consequently, 

analytical methods directed towards assay of proacrosin-acrosin and acrosin 

inhibitors are time-consuming (Goodpasture et al., 1980) and hence not 

discussed here. This complication may also explain the lack of studies, as 

per the knowledge of the author of this thesis, for acrosin measurement 

during liquid- or cryo- preservation of avian semen despite it’s extraction 

and purification from chicken and turkey spermatozoa (Richardson et al., 

1988; Froman, 1990).  

 

Functionality of the plasma membrane over the mid piece:   

The mid piece of the spermatozoa contains mitochondria that play a 

central role in production of Adenosine Triphosphate (ATP) (Mitchell and 
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Moyle, 1967), the chemical energy required for maintenance of Na+/K+ 

gradient over the plasma membrane of the head and mid piece (De Ambrogi 

et al., 2006). Damage to mitochondria either due to physical (from faulty 

cooling, freezing and thawing) (Wooley and Richardson, 1978) or chemical 

damage (from improper pH or osmolality) alters their metabolic activity. 

Such a damage can inhibit production of ATP by spermatozoa necessary to 

fertilize an oocyte (Graham, 2001) or maintenance of the Na+/K+ gradient 

(De Ambrogi et al., 2006) and necessitates identification of mitochondrial 

integrity after exposing sperm to different in vitro storage protocols. This 

can be done using i) Mitochondrial stains/dyes, or ii) by Tetrazolium dye 

reduction test.    

Mitochondrial Stains:  

Mitochondrial fluorescent stains are based on the principle of 

selective fluorescence only by the actively respiring mitochondria (aerobic 

ATP production) while the non-respiring mitochondria remain unstained 

and thus do not fluoresce. Commonly used mitochondrial stains, JC-1 or 

Rhodamine-123 have been used to assess the metabolic activity in kangaroo, 

bull and stallion spermatozoa (McLean et al., 1993; Garner and Thomas, 

1999; Colenbrander et al., 2003; Aziz et al., 2005). However, JC-1 is 

preferred over Rhodamine 123 because it has the ability to measure 

differences in the mitochondrial membrane potential that allows 

differentiation between highly active and less active functional 

mitochondria. The mitochondria that are highly active have higher 

concentration of JC-1and fluoresce red-orange whereas those that are less 

active fluoresce green. On the other hand with Rhodamine 123, all the 
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mitochondria are stained green irrespective of their activity status thereby 

preventing distinction between high and low active mitochondria.   

 

 Tetrazolium Dye Reduction Test (MTT reduction test):  

This method measures the amount of reduction of formazan dye to 

tetrazolium dye (3[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium 

bromide) formed as an end product of the chemical reduction that occurs 

only in metabolically functional (respiring) mitochondria with the intensity 

of colour being greater in mitochondria that are more metabollicaly active 

compared to the lesser metabollicaly active mitochondria. The samples can 

thus be ranked either subjectively by simple visual examination of the 

intensity of the colour or objectively by reading their optical density on a 

colourimeter.  The amount of colour production of tetrazolium can be used 

for evaluations of sperm quality and thus fertilizing ability of semen 

samples as it has been found in chicken to have a high correlation with 

sperm ATP content (r2 = 0.89 or 0.85), with sperm mobility (r2 = 0.76 or 

0.62), with ability of spermatozoa to hydrolyse holes in the inner peri-

vitelline layer in vitro (r2 =0.86 or 0.80) and with fertilizing ability (r2 = 

0.74 or 0.83) (Hazary and Wishart, 2001; Wishart, 2004).  

 

Functionality of the plasma membrane over the principal piece:  

Damage to plasma membrane over the principle piece alters the 

ability of spermatozoa to swim to oocyte, penetrate the egg membrane and 

fertilize the oocyte. Hence integrity of this region of plasmalemma should  

also be assessed in addition to that of the anterior and the mid piece. This is 

generally evaluated by estimating sperm motility or by conducting the hypo-

osmotic swelling test (Jeyendran et al., 1984; Donoghue, 1996; McDaniel et 
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al., 1998; Colenbrander et al., 2003) but can also be reliably assessed by in 

vitro sperm – egg interaction assay: a test used for determination of ability 

of spermatozoa to penetrate the perivitelline layer of hen’s ovum (Bramwell 

et al., 1995).  All these tests can be used to predict fertilization value 

(Wishart and Palmer, 1986; Hauser, 1992; Bramwell et al., 1995) and are 

discussed below: 

Sperm Motility:  

Sperm motility is considered to be one of the most important criteria 

influencing the fertility of sperm and is important in determining suitability 

of a specimen for the artificial insemination of animals. The methods to 

evaluate sperm motility can broadly be classified into two categories: a) 

Subjective, and b) Objective method for assessment of motility. The 

subjective methods include Hanging drop method and Mass Motility Score 

(MMS) while the objective methods include Sperm Motility Index, 

Percentage of motile sperm, Spectrophotometric assessment of motility and 

Computer Assisted Semen Analysis (CASA). In general the objective 

methods asses sperm motility more accurately but require higher level of 

automation compared to the subjective methods. Both are discussed here:  

 

Hanging drop method:  

In this method fresh unstained spermatozoa are examined 

microscopically for their “swirling” motion to estimate the collective 

motility in a semen sample (diluted or undiluted) which is then scored  

within a range from 1 (no movement) to 5 (the entire sample is moving 

vigorously) depending upon the swirling motion of the sperms (Wheeler and 

Andrews, 1943). A good correlation of data for the swirl motion with 
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fertility has been found in chickens and turkeys (Wilson et. al., 1979). 

Although quick to perform this method is highly subjective and varies 

depending upon the user and the temperature of the slide at the time of 

observation.  

 

Mass Motility Score (MMS):  

It is an easy and fast method of motility evaluation (Blesbois, 2007b) 

that involves subjective evaluation of the speed of sperm in a small volume 

of semen on a glass slide under a light microscope and thereafter classifying 

sperm into different categories depending upon their movement based on 

specific criteria for classification. For example (Sontakke et al., 2004) used 

the score of 0 –5 to asses sperm motility in blue rock pigeon with the 

highest notation 5  representing samples with very fast progressive motility 

and the notation 0 representing no motility. Similarly, this method has been 

used for evaluation of sperm quality in the French avian cryobank (Blesbois, 

2007b) and for selection of males during cryopreservation of chicken semen 

(Blesbois et al., 2008)   

 

Spectrophotometric assessment of motility:  

It assesses collective sperm motility by measuring changes in optical 

density of the sample when passed through a flow cell in the 

spectrophotometer. Developed by Wishart and Ross (1985) it is one of the 

first methods for objective assessment of sperm motility in chicken and 

turkey sperm. This assay has been shown to be more strongly correlated 

with fertility  (Wishart and Palmer, 1986) in comparison with the 

measurement of sperm ATP concentration or sperm membrane integrity 

(determined by nigrosin-eosin staining) (Wishart and Palmer, 1986).  
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Sperm Motility Index:  

Another way of determining motility is by defining the ‘swirling’ 

motion of the sperms in terms of ‘Sperm Motility Index’ or Sperm Quality 

Index (Neuman et al., 2002) through the use of an instrument known as a 

Sperm Quality Analyzer (SQA).  The SQA measures a combination of the 

intensity of sperm activity and motile concentration by determining the 

number (i.e. quantity of spermatozoa) and amplitude (i.e. motility of 

spermatozoa) of sperm movements per second in a capillary tube as detected 

through light beam interference. This method was used to assess sperm 

motility in turkey (Neuman et al., 2002) and although not investigated for a 

direct relationship with sperm fertility is  a reasonable indicator of  sire 

potential (Johnston et al., 1995). It is also well correlated with the CASA 

estimates in human sperm (Suzuki et al., 2002) and with the deterioration of 

semen quality that occurs with prolonged semen storage in turkeys (Neuman 

et al., 2002) .  

 

Sperm motility using a video camera:  

Motility sometimes is also measured by video recording motility of 

100 individual sperms and expressed in terms of ‘percentage of motile 

sperm’. This method has been  primarily used for motility studies (Wishart 

and Wilson, 1997). Its correlation with fertility has not been investigated.   
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 Computer Assisted Semen Analysis (CASA):  

CASA is an automatic or semi-automatic semen analysis that 

performs fast, accurate and reliable sperm analyses compared to other 

methods described above for analysis of sperm motility. With a minimum 

investment of time, this method can thus be used for the objective 

assessment of sperm characteristics: MMOT, mass motility; VAP, path 

velocity (velocity/average position of the spermatozoa); VSL, progressive 

velocity (straight-line distance between beginning and end of the track/time 

elapsed); VCL, curvilinear velocity (velocity over the actual sperm track); 

STR, straightness (100 X (VSL/VAP)); LIN, linearity (departure of the cell 

track from a straight line); PMOT, proportion of motile sperm. It has been 

employed for determining motility parameters both in chicken (Froman et 

al., 1999) and turkey (Bakst, 1992).  Motility assessment by CASA (PMOT, 

VAP, VSL) has been found to be strongly correlated to fertility in chicken, 

turkey and pigeon semen (Donoghue et al., 1998; Blesbois et al., 2008; 

Klimowicz et al., 2008). Similalry a significant correlation of some of the 

sperm kinematics with fertility has been demonstrated  with frozen–thawed 

chicken spermatozoa (Blesbois et al., 2008). The cell tracks of emu semen 

as analyzed by CASA (Hammilton Thorne) are given in Fig. 7 and it’s 

conditions and parameters setup for analysis of emu sperm are given in 

Table 1.7.  
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Figure 7. Cell tracks of emu semen as analyzed by CASA (Hammilton Thorne) 12.1). 
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Table 1.7 Conditions and parameter setup of HTM-IVOS motility analyzer used for the 

analysis of the emu spermatozoa 

Conditions/parameter setup 

Temperature (°C) 37 

Apply sort None 

Frames acquired 45 

Frame rate (Hz) 60 

Minimum contrast 25 

Minimum cell size (pixels) 7 

Minimum static contrast 15 

Threshold straightness (%) 80 

Low VAP cut off (µm/s) 10 

Prog. Min VAP (µm/s) 50.0 

VSL cutoff (µm/s) 10 

Cell size (pixels) 7 

Static head size 0.72–8.80 

Static head intensity 0.14–1.84 

Static elongation (limits) 0–47 

Slow cells motile No 

Magnification 1.89 

Bright field No 

Image type Phase contrast 

LED Illumination intensity 2300 

IDENT Illumination Intensity 3000 

Chamber depth (µm) 5.0 

Field selection mode Auto 

IDENT Fluorescent Option Off 

Integrating time 1 Frames 
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Hypo Osmotic Swelling Test (HOS):  

Structural integrity (i.e. viability) of sperm plasma membrane can be 

determined using exclusion dyes but these dyes fail to provide information 

about its functional integrity i.e about the ability to regulate transport of 

water across the membrane (Vazquez et al., 1997). This information can be 

gained through Hypo Osmotic Swelling test (HOS) that was originally 

developed to test water permeability of sperm membrane (Jeyendran et al., 

1984). It is based on the principle that live sperms regulate entry of water by 

osmo-regulation but loose this property when suspended in hypo-osmotic 

solutions (usually from 50 – 150 mOsm, depending upon the species), 

leading to a reversible swelling of the sperm cell in the principle piece (tail 

membrane). Spermatozoa with a chemically and physically intact membrane 

will show ‘tail curling’ or ‘swelling’ under hypoosmotic conditions, 

whereas spermatozoa with an disintegrated membrane will not as  a 

functionally disrupted tail membrane looses this osmo-regulatory capacity 

biochemical activity) thereby preventing swelling of the tail (Jeyendran et 

al., 1984).  These changes can be easily observed under a light microscope 

(Fig.8).  

 

Figure 8. Tail curling of emu sperm 
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HOS test was found to significantly contribute to conventional sperm 

quality assays and has been incorporated for routine semen analysis for a 

identification of substandard ejaculates in bovine (Correa and Zavos, 1994), 

porcine (Vazquez et al., 1997), canine (Kumi-Diaka, 1993), turkey 

(Donoghue, 1996) and human (Hossain et. al., 1998). It has also been used 

in emus for detection of inferior ejaculates and for investigating sperm 

membrane integrity following in vitro storage (Malecki and Martin, 2005). 

It has been found to have a strong correlation with faster swimming sperm 

in humans (Vette et al., 1985) and with fertility in chicken (Wishart, 1997) 

and turkeys (Donoghue, 1996). On the other hand, the correlation was not 

found to be significant between the proportion of reacted sperm and 

fertilization in human sperm (Biljan et al., 1994).  

 

In vitro sperm – egg interaction assay:  

This is a cheap and efficient procedure that can be used to quantify 

the egg membrane penetration ability of stored/frozen-thawed sperm. It is 

performed in freshly laid eggs by removing the inner peri-vitelline layer 

(IPVL), reacting it with a known concentration of sperm and thereafter 

counting number of holes made by sperm in the inner peri-vitelline layer 

(IPVL). It was originally developed for chicken (Bramwell et al., 1995)  but 

later was also used for turkeys (Donoghue, 1996) and emus (Malecki and 

Martin, 2005).  It can be used to predict fertility as a clear relationship has 

been observed between numbers of peri-vitelline sperm holes and the 

probability of an egg being fertilised (Ashizawa and Wishart, 1987; 

Bramwell et al., 1995; Wishart and Staines, 1999). Number of  IPVL-holes 

(Fig. 9) have been found to be strongly correlated either with the sperm  
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ATP content (r = 0.85) or with motility (r = 0.76) (Robertson et al., 1998) 

and thus can be used either for selection of breeding males or to predict the 

likely fertilizing ability of liquid/solid stored semen (Wishart, 1995; 

Robertson et al., 1998; Chalah et al., 1999).   

 

Figure 9.  Egg membrane penetration ability of emu sperm as analysed by number of 

holes/mm2 (S-E Assay) 

 
2.8.2 In vivo methods to evaluate sperm functions 

A major criticism of the above described in vitro sperm function tests 

is that they generally overestimate the egg membrane penetration ability of 

the stored sperm samples (Wishart, 1995). This problem has been overcome 

either by performing in vivo sperm-egg interaction assay (Bramwell et al., 

1995) or by egg break out assay to assess true fertility and hatchery 

efficiency of sperm function in vitro (Wilson, 1997; Sellier et al., 2006).  

 
Quantitative determination of spermatozoa penetration of the perivitelline 

layer in oviposited eggs.  

This procedure involves quantitative determination of peri-vitelline 

sperm holes in both the inner-perivitelline (IPVL) and outer-perivitelline 
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layer (OPVL) in oviposited eggs after artificial insemination (AI) or natural 

mating.  Sperm penetrate IPVL (in infundibulum) and get trapped there at 

the time of fertilization while other sperm get trapped in OPVL (which is 

formed in magnum) within minutes after fertilization (Bakst and Howarth, 

1977). OPVL sperm number indicates the mating efficiency of males and 

the ability of sperm transport and storage by the females, while the IPVL-

holes predict the likely fertilizing ability of fresh and liquid/frozen-thawed 

semen (Wishart, 1995; Robertson et al., 1998; Chalah et al., 1999).   

Both the OPVL-sperm and the IPVL-holes can be visualized in the 

same egg under different magnifications using different stains after 

separating and treating a portion of whole peri-vitelline layer (i.e. OPVL + 

IPVL) (Wishart, 1995). OPVL-sperm are viewed under a fluorescent 

microscope after staining with a DNA-specific fluorescent dye (such as 

DAPI), where sperm nuclei are viewed as bright comma shaped structures 

against a dark background (Ashizawa and Wishart, 1987). On the other hand 

the IPVL-holes are visualized under a light microscope after re-hydrating 

the same slide with PBS, fixing with formal saline and therafter staining 

with Schiff’s reagent (Ashizawa and Wishart, 1987; Birkhead and Fletcher, 

1994; Bramwell et al., 1995).  

 
 

Egg break out fertility:  

This in vivo method for evaluation of sperm function can be 

performed  in one of three ways depending upon the stage of incubation: i) 

Fresh egg breakout (Bakst et al., 1998) ii) Candled egg breakout (Wilson, 

1997) and 3) Residual egg breakout (Wilson, 1997).  All three methods are 

fairly simple and each one provides a powerful means of determine  
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percentage of “true fertility” and hatchability of the flock. Thus, fertility can 

be determined either on the day  

of laying the eggs through fresh egg break out, or after incubation of 7 – 14 

days for candled egg breakout or incubation till the time of hatching for 

assessing residual egg breakout.  

 

Fresh Egg Breakout:  

This method involves determination of morphological variations in 

the blastodisc or blastoderm either of freshly laid eggs and/or those stored 

prior to incubation. Hence it can be used to assess the quality of in vitro 

liquid stored or frozen semen after insemination by determination of the 

fertilization status of the germinal disc as done in turkeys and ostriches 

(Bakst et al., 1998; Malecki et al., 2005c).   

 

Candled Egg Breakout:  

This method for determination of true fertility   involves candling of 

eggs after 7–12 or 10 – 14 days of incubation and depending upon the state 

and stage of development of the embryo in incubated eggs classifying the as 

‘clear’ (infertile or early embryonic mortality),‘early-dead embryo’ eggs or 

‘fertile’ eggs (Wilson, 1997).  It is time consuming; labour intensive and 

costly compared to fresh break out method and hence should only be 

adopted if the fresh break out test fails to clarify the sperm fertilizing 

capacity. Furthermore, it is unable to determine fertility in eggs where 

embryonic death precedes its development (i.e. the embryo dies at an early 

stage after fertilisation before embryos can be visualised through candling) 

with the eggs wrongly classified as infertile or ‘clear’. 
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 Residual Egg Breakout:  

It provides information about the time of death of embryos during 

incubation (Wilson, 1997) but like the candled egg breakout fertility test is 

expensive and time consuming and thus does not have applications in an 

immediate sperm quality assessment of stored or frozen semen.  

 

2.8.3 Lipid peroxidation  

Lipid peroxidation is a well-established mechanism of peroxidative 

damage to all kinds of cells (both in plants and animals) and can be used as 

an indicator of the damage to these cells, including spermatozoa. The 

plasma membranes of the avian sperm contain high proportion of poly 

unsaturated fatty acids (PUFAs) that are one of the main targets of lipid 

peroxidation and destruction by free radicals (also known as Reactive 

Oxygen Species). Under normal conditions (of minimal oxidative stress 

during sperm storage within the defferent ductuli), the PUFAs are protected 

by the natural defence mechanisms, which stops once spermatozoa are 

subjected to thermal shock after semen collection (Cerolini et al., 1997; 

Blesbois et al., 1999). This leads to formation of lipid peroxides, from 

polyunsaturated fatty acids. These peroxides are unstable and decompose to 

form a complex series of compounds such as reactive carbonyl compounds. 

Malondialdehyde (MDA) is  the most abundant of these reactive carbonyl 

compounds and measuring its levels is an important tool to detect amount of 

lipid peroxidation (Pryor and Stanley, 1975). MDA levels are measure by 

spectrophotometric assay with higher MDA levels signifying greater 

oxidative stress and thus higher degree of lipid peroxidation and vice-versa.   
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Measurement of Thiobarbiturate reactive substances (TBARS)  

Thiobarbiturate reactive substances (TBARS) are low-molecular-

weight end productsformed during the decomposition of lipid peroxidation 

products. Although the main component of TBARS is malondialdehyde, 

degree of lipid peroxidation can also be determined by measuring the levels 

of other TBARS. These compounds react with thiobarbituric acid to form a 

fluorescent red adduct which can then be measured by fluorimeter (Ohkawa 

et al., 1979; Surai et al., 2000). However, this reaction is relatively 

nonspecific as other TBARS such as 4-hydroxyalkenals, in addition to 

MDA, are likely to react with thiobarbituric acid thus giving elevated results 

and falsely suggesting a higher level of lipid peroxidation.  

 
Spectrophotometric Assay for Malondialdehyde (through MDA – 586 Kit):  

Considering the above problem another a more specific method has 

been designed to measure the degree of lipid peroxidation. It measures 

quantity of MDA thorough a spectrophotometer using a MDA detection kit 

(MDA-586, Oxis Research, Portland, OR, USA) (Kasimanickam et al., 

2007). The measurement is based on the principle of ability of a 

chromogenic agent, N-methyl-2-phenylindole (NMPI) to react with MDA at 

45 °C resulting in formation of a carbocyanine dye (one molecule of MDA 

reacts with two molecules of NMPI to yield a stable carbocyanine dye). The 

absorbance of carbocyanine can then be measured spectrophotometerically 

at 586 nm and compared against a standard curve generated using the MDA 

standard (provided in the kit). As the assay conditions serve to minimize 

interference from other lipid peroxidation products, such as 4- 
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hydroxyalkenals thus this test is more accurate compared to the TBRAS 

method described above.  

 
2.8.4 Membrane fluidity 

 
Membrane dynamics (i.e. order/disorder) is of fundamental 

importance for cellular life. A loose membrane is too fluid and allows 

greater permeability compared to a rigid membrane that forbids any transfer 

across the bilayer. Thus for the cellular processes to occur normally there is 

a need to maintain a delicate balance between these two extreme states of 

membrane dynamics (that has been reached through many evolutionary 

steps in nature). Assessments of dynamics vary with different techniques as 

they investigate different scales, atomic, single molecule, and molecular 

assemblies yet  assessment by any technique is reffered as ‘membrane 

fluidity’. However, there is ambiguity in defining membrane dynamics in 

terms of fluidity. 

Boradly there are two different types of techniques employed for 

investigating fluidity - macromolecular and physical. Macromolecular  

techniques, such as Deuterium Nuclear Magnetic Resonance Spectroscopy 

(2H-NMR), Electron Spin Resonance (ESR) , Fluorescence Recovery After 

pphotobleaching (FRAP) and Time Resolved or Steady-state Fluorescence 

Anisotropy have been reviewed by Stubbs and Smith (1984). The physical 

methods, such as Merocyanine 540/Yo-Pro-1 or DHP (1, 6 – diphenyl-

1,3,5-hexatriene) dyes, can also be used for investigating membrane fluidity. 

M540 is believed to detect a decrease level of packing order of 

phospholipids by preferentially staining the fluid domains of the outer 

leaflet of the lipid bilayer (Williamson et al., 1981) and such staining has  
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been widely used to detect changes in membrane lipids in goat and stallion 

spermatozoa (Rathi et al., 2001; Aboagla and Terada, 2003). On the other 

hand the measurement of DHP excitation signifies membrane anisotropy 

which is is inversely proportional to the membrane fluidity and this staing 

has been used to meaure membrane fluidity for predicting the post thaw 

sprm viability and motility of human  and  poultry spermatozoa after 

cryopreservation (Giraud et al., 2000; Blesbois et al., 2005).  

 
2.8.5 Flow cytometry 

Flow cytometric analysis of cells is an unbiased and objective 

measurement of the degree of fluorescence associated with the cells stained 

with fluorescent stains. It can simultaneously evaluate multiple sperm 

attributes such as cell viability, acrosomal integrity and mitochondrial 

function. by simultaneously measuring  multiple fluorescent stains in 50,000 

sperm in less than 1min and at reasonable cost (Graham, 2001). It has been 

used for rapid determination of sperm concentration and viability in 

mammalian and avian semen (Christensen et al., 2004).  In  poultry, the 

flow cytometric analysis has been used for identification and distribution of 

carbohydrate residues in poultry spermatozoa (Peláez and Long, 2007) and 

for assessment of membrane integrity and viability in turkey spermatozoa 

(Donoghue et al., 1995).  Flow cytometry can also be used for assessing  

sperm chromatin structure and analysis of lipid peroxidation as done in 

human and boar spermatozoa (Aitken et al., 2007; Awda et al., 2009), or 

has been used for assessment of sperm viability, acrosomal integrity, 

mitochondrial function and chromatin integrity as done for boar 

spermatozoa (Graham et al., 1990; De Ambrogi et al., 2006). In addition, 

despite its effectiveness for evaluating many sperm attributes, flow 
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cytometry fails to evaluate all of the attributes a sperm cell requires to 

fertilize an oocyte and still need to be used with assays that evaluate ability 

of sperm to bind to the perivitelline membrane of the hen egg in vitro or to 

penetrate oocytes in vitro (as discussed above in Section 2.8.1.3 and 2.8.2). 

From the above discussion it is evident that analysis of single sperm 

parameters does not strongly correlate with semen fertility compared to 

simultaneous multiple sperm attributes. This suggests that multiple 

attributes of spermatozoon must be assessed to accurately predict fertility of 

semen samples. For example, using a single paprmeter such as sperm 

motility alone correlated poorly with stallion fertility (r 2 = 0.22) while 

simultaneous utilization of data of sperm motility, viability and sperm 

penetration rates into zona-free hamster oocytes correlated strongly with the 

stallion fertility (r = 0.849) and was able to  explain 72% of the differences 

in the fertility (Wilhelm et al., 1996). Theoretically, semen samples could 

thus be subjected to countless series of assays for determining all attributes 

required for fertilization, however in practice, even if all the attributes were 

known, cost-benefit analyses would lead to use of only a restricted subset of 

assays. These would have to be a combination of tests that assess motility, 

morphology, viability, membrane integrity, metabolic activity and in vitro 

fertilizing capacity so as to incorporate the functional status of different 

regions of the sperm that will allow accurate prediction of the fertilizing 

ability of semen samples after liquid or frozen storage.    

In emus, semen volume, concentration and number of live and 

abnormal spermatozoa have been routinely assessed in semen samples  

subjected to liquid or freezing protocols (Malecki and Martin, 2000, 2005). 

In addition other tests that have been used are: HOS test to determine sperm 
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membrane integrity, staining techniques: nigrosin – eosin or combination of 

Calcenin/PI, or SYBR-14/PI to estimate viability, in vivo and in vitro sperm 

egg interaction assay and egg break out fertility to determine fertilising 

ability in semen samples after liquid or freezing protocols. 

Despite the use of so many tests for evaluation of sperm functions there are 

a few problems that need to be solved to improve the analysis of sperm 

fucntions. Firstly, the assessment of sperm motility has been subjective and 

needs to be replaced by an objective assessment such as CASA. Secondly, 

the evaluation of sperm viability using a fluorescent microscope is time 

consuming and inefficient. Moreover, analysis of sperm viability using 

eosin and nigrosin is difficult in semen samples containing 

Dimehtylacetamide (DMA) (personal observation). These problems can be 

overcome by use of flow cytometry as it assesses multiple sperm functions 

of around 50,000 sperm in less than a minute and is thus more quick, 

reliable and accurate. Furthermore flow cytometry can be used to assess 

alterations in the emu sperm plasma membrane when subjected to different 

freezing protocols; and 3) can this problem and it can simultaneously be 

used to evaluate membrane stability of emu semen subjected to different 

freezing protocols. Inclusion of CASA for both liquid and frozen semen and 

flow cytometry for frozen semen would help in improving the prediction of 

sperm quality for artificial insemination and thus have been incorporated for 

analysis of emu sperm in this thesis. 
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Chapter 3: Manuscript I - Sperm viability, 

motility and morphology in emus (Dromaius 

novaehollandiae) are independent of the 

ambient collection temperature but are 

influenced by storage temperature 

 

3.1 Abstract 

A protocol for storage of emu semen > 6 h has not yet been optimised. 

The objective was to determine: a) whether sperm quality was adversely 

affected by sudden exposure to low temperatures (5, 10 and 20 °C) during 

collection; and b) the effects of three storage temperatures (5, 10 and 20 °C) on 

survival of emu sperm. In two experiments, each repeated three times on 

alternate days, ejaculates were diluted 1:1 with pre-cooled (5, 10, or 20 °C) 

UWA–E3 diluent and stored for up to 48 h. Collection temperature, or 

interaction with either the storage time or storage temperature, had no 

significant effect on sperm viability, motility, or morphology. Mass Motility 

(2.91 to 3.27 ± 0.26, mean ± SEM), and percentages of live (72.4 to 76.2 ± 2.4) 

and morphologically normal sperm (63.3 to 64.5 ± 2.3) did not differ 

significantly amongst the collection temperatures. Conversely, storage 

temperature and storage time affected (P <0.05) sperm viability, motility, and 

morphology. After storage for 48 h, percentages of viable, normal, and motile 

sperm were higher (P < 0.001) at 5 °C (58.7% ± 1.1, 44.7% ± 1.3, and 50.7% ± 

4.9, respectively) and 10 °C (62.6% ± 1.1, 54.1% ± 1.3, and 60.4% ± 4.9) than 
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at 20 °C (27.6% ± 1.1, 20.1% ± 1.3, and 25.9% ± 4.9).  Beyond 6 h of storage, 

the percentage of abnormal sperm was higher (P < 0.001) for storage at 5 °C 

compared to 10 and 20 °C. After 48 h, bacterial counts were considerably 

higher at 20 °C compared to 5 and 10 °C (P<0.001). The pH of stored sperm 

suspension remained unaffected at 5 and 10 °C, but at 20 °C declined to 6.5 ± 

0.03 after 24 h (P < 0.05) and to 6.0 ± 0.03 after 48 h (P < 0.001). We 

concluded that: 1) emu semen does not need protection from cold during 

collection at low ambient temperatures ranging from 5 – 20 °C; and 2) emu 

semen does not experience chilling injury on storage at lower temperatures and 

stores better at 5 and 10 °C than at 20 °C for up to 48 h.  

 
Key words: Semen; Sperm; Liquid storage; Fertility; Bacteriospermia; Emu; Bird 

3.2 Introduction 

Exposing sperm to sub-physiological temperatures, especially in the 

range of 0 to 20 °C may cause damage, or ‘chilling injury’ [1]. This may occur 

immediately upon cooling (direct chilling injury), or as an indirect chilling 

injury inflicted over an extended storage interval [2]. Sperm may be injured at 

the time of semen collection and during hypothermic in vitro storage and may 

be susceptible to the thermotrophic phase transition of the sperm plasma 

membrane [3]. Accordingly, adequate precautions are necessary to ensure that 

sperm are handled to minimize chilling injury. Hence, for bulls and boars, 

semen is usually collected in insulated containers [4,5] and stored at 

temperatures higher than those which might induce cold-shock and death – for 

example, >12 °C for boar semen [6]. For the chicken and turkey, failure to 

comply with these conditions may induce irreversible loss of sperm viability, 

as evidenced by the 10% decline in fertility when semen is collected into dry 

tubes at 5 °C compared to 15 and 25 °C [7,8]. For the bull, ram, rabbit, dog, 
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boar, and stallion, there are irreversible declines in motility, sperm survival, 

and fertilizing capacity as semen is rapidly cooled to < 15 °C before freezing 

[9-12].  

The issue of collection temperature could be especially relevant for emu 

(Dromaius novaehollandiae), since its physiological breeding season is in 

winter [13]. To date, semen has been collected directly into vials that are 

exposed to ambient temperatures that are often 5 to 15 °C. Considerable loss of 

sperm membrane integrity and fertilizing ability occurred after cooling and 

storage of undiluted emu semen at 4 °C [14]. Further, sperm viability, motility, 

membrane integrity, and fertilizing ability were all reduced after 6 h storage at 

4 and 20 °C following collection at ambient temperature and dilution with 

Lake’s and BPSE poultry semen diluents [14]. Even using ‘Emu’ diluent, 

storage could not sustain sperm viability beyond 24 h [14]. By contrast, the 

quality of chicken or turkey semen can be maintained for 24 to 48 h [15-17] 

That emu sperm function cannot be sustained beyond 6 h suggests 

susceptibility of emu sperm to chilling injury when suddenly exposed to sub-

physiological temperatures, either ambient temperatures at ejaculation, or when 

it is stored at 4 °C. To determine whether the low temperatures at which semen 

is either collected or stored cause chilling injury, we tested the hypothesis that 

low collection temperature would decrease sperm function during liquid 

storage while the storage temperature will inversely affect sperm function. 

 

3.3 Material and Methods 

Two experiments were conducted in the second half of the emu breeding 

season (late July to early August), following approval by the Animal Ethics 

Committee (Approval No: RA/3/100/775). In Experiment 1, semen was 

collected at 5, 10, or 20 °C, simulating the typical range of ambient 
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temperatures during semen collection. For individual males, the effect of 

collection temperature on sperm viability, motility and morphology during 48 h 

storage at 5, 10 and 20 °C were investigated. In Experiment 2, semen was 

collected only at ambient temperature, since in the first experiment; 

temperature of the collection vessel had no significant effect. Storage 

temperature was further explored by: i) use of objective analysis by Computer 

Assisted Semen Analysis (CASA); and ii) avoiding inter-male variation by 

pooling equal numbers of sperm from every male. 

 

3.3.1 Emus and semen collection  

The emus were housed in outdoor yards in the Native Animal Facility, 

Shenton Park, The University of Western Australia, under uniform feeding, 

housing, and lighting conditions. They were selected during a preliminary 

study on the basis of meeting the following criteria: semen volume 0.35 to 1.25 

mL; mass motility score (MMS) ≥3; sperm concentration ≥ 2 × 109 sperm/mL; 

sperm viability ≥ 85 %, with ≤ 10% morphologically abnormal sperm. Semen 

was collected by “teaser” or “non-teaser” methods [13] from trained males, 

once daily on three alternate days. In both experiments, semen was diluted 

(1:1) with UWA-E3 (glucose 10 g/L, magnesium chloride (6H2O) 0.37 g/L, 

tripotassium citrate 1.93 g/L, sodium acetate [3 H2O] 6.2 g/L, sodium 

glutamate [H2O] 10.2 g/L, (264 mOsm/L) [18] before sperm function was 

assessed. 
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3.3.2 Experimental design and data analysis 

 

3.2.1 Experiment 1: Effect of ambient collection temperature on sperm 

viability, motility and morphology 

Each semen collection vial was inserted into a 50 mL plastic container 

filled with gel from packs designed for transporting biological samples at 

approximately 4 °C (DRY CHILL 2000, Vic. Australia). This semen collection 

assembly was placed in a water bath at 5, 10, or 20 °C for a minimum of 1 h to 

equilibrate. Just prior to collection, the vials were transferred to styrofoam 

boxes (Applied Biosystems, Life Technologies, Mulgrave, VIC, Australia) 

containing four gel packs (300 g each) equilibrated to the designated collection 

temperature. After collection, ejaculates were placed in the same box and 

brought to the laboratory within 5 to 10 min for evaluation and processing.  

Ejaculates (450 to 1500 µL) from three males collected at each of the 

simulated ambient temperatures were divided into three equal sub-samples 

(without measuring sperm concentration) and each sub-sample was diluted 1:1 

with pre-cooled (5, 10, or 20 °C) UWA–E3 diluent. The diluted samples were 

further subdivided into two equal replicates and then stored at 5, 10 or 20 °C 

and, after 0, 6, 24, and 48 h, assessed for sperm viability, motility, and 

morphology. The experiment was repeated three times. 

 
3.2.2 Experiment 2: Effect of storage temperature on sperm viability, motility 

and morphology 

Ejaculates (450 to 1500 µL) from seven males were collected once a day 

on three alternate days. Sperm concentration was determined for each ejaculate 

and thereafter semen was pooled using 400 µL from each ejaculate. The pooled 

sample was then divided into three equal sub-samples, each of which was 
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diluted 1:1 with UWA–E3 pre-cooled to 5, 10, or 20 °C. These diluted sub-

samples were further subdivided into two equal replicates, then stored at 5, 10, 

or 20 °C and, at 0, 6, 24, and 48 h, were assessed for sperm viability, motility 

and morphology. The experiment was repeated three times.  

 
 

3.3.3 Tests of Sperm function 

Sperm viability and morphology  

The percentage of viable and morphologically normal sperm was 

estimated by staining aliquots of sperm suspension with eosin-nigrosin 

(nigrosin 5% w/v; eosin 1% w/v; diluted in buffer for N/E stain; Sigma-Aldrich 

Co. ,Castle Hill, NSW, Australia) prepared as described [19] . Staining was 

done by mixing an aliquot 3.5 µL sperm suspension with 7 µL eosin-nigrosin 

solution, and the mixture was left for 2 min at room temperature. A smear was 

made, dried and observed under 100 x oil objective on an Olympus BX60 

microscope (Olympus Australia Pty. Ltd., Mt Waverley, VIC, Australia) fitted 

with a digital camera and computer screen (Olympus DP 70, Olympus 

Australia Pty Ltd). Sperm viability and morphology were evaluated (on the 

same slides (Livingstone International Pty. Ltd., Rosebery, NSW Australia by 

the same person) and categorised as follows: live normal and live abnormal 

(95% of total abnormalities was ‘bent principal piece’ sperm, total live (live 

normal + live abnormal) and dead (when the sperm were stained with eosin). A 

total of 300 sperm were evaluated on each slide. 

 
Mass Motility Score - Experiment 1 

Sperm motility in Experiment 1 was estimated subjectively by scoring 

movement (scale 0 to 5) on a live image of a sample on the computer screen. A 

20 x phase contrast objective (Olympus Australia Pty. Ltd) and digital camera 
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(Olympus DP 71, Olympus Australia Pty Ltd) were used to project the image. 

Two 5 µL aliquots of each sample of semen were transferred onto two slides 

(Livingstone International Pty. Ltd)  pre-warmed to 37 °C on the heating stage 

(MATS-U55S TOKAI HIT, Olympus Australia Pty. Ltd) and two fields were 

scored for every slide after covering them with a coverslip (22 x 22 mm). 

Scoring was based on the following criteria: 0 = no motility, 1= non-

progressive motility, 2 = slow progressive motility, 3 = side-to-side movement 

accompanied by slow progressive motility, 4 = faster progressive motility, and 

5 = very fast progressive motility [20].  

 
Motility measurement by computer assisted semen analysis (CASA) – 

Experiment 2 

An IVOS Model 10 sperm analyser (Hamilton Thorne Biosciences 

Beverly, MA, USA), was used to assess video material recorded in ‘avi’ format 

by Olympus software. The concentration of sperm was adjusted to 17 to 20 

x106 sperm/mL with Dulbecco’s Modified Eagle’s Medium (Sigma Chemical 

Co., St. Louis, MO, USA) containing 0.03% BSA (Sigma Chemical Co.) at 37 

°C. For each sample, two slides (Livingstone International Pty. Ltd and 

maintained at 37 °C) were each filled with 7.5 µL diluted semen and three 

fields per slide  were recorded for 10 s using a 10X phase contrast objective 

(Olympus Australia Pty. Ltd.) in conjunction with a digital camera (Olympus 

DP 71/25, Olympus Australia Pty Ltd). The instrument settings for CASA were 

as follows: Frames acquired = 45, Frame rate = 60 Hz, Minimum contrast = 25, 

Minimum cell size = 11 pixels, Minimum static contrast = 15, Straightness 

(STR), Threshold = 80.0 %, VAP cut off = 10.0 µm/s, Cell size = 4 pixels, Cell 

intensity = 80, Static head size = 0.72 to 8.80, Static head intensity = 0.14 to 

1.84, Static elongation = 0 to 47, Slow cells motile = NO, Magnification = 
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1.89, Video frequency = 60 frames/s, Bright field = NO and Integrating time = 

1 frames. The following motility characteristics were determined: percentage 

of motile sperm (PMOT), curvilinear velocity (VCL in µm/s), average path 

velocity (VAP in µm/s, velocity/average position of sperm), and progressive 

velocity (VSL in µm/s, straight-line distance between beginning and the end of 

the track/time elapsed). 

 
Sperm Concentration   

An aliquot (20 µL) of semen was diluted with 7.98 mL of 10% 

phosphate buffered formal saline and 1000 µL of the diluted sample was 

transferred to a cuvette. Absorbance was determined using a spectrophotometer 

(8001 UV-vis Metertech Inc., Nankang, Taipei Taiwan) and sperm 

concentration was estimated from a previously established standard curve.  

 
Assessment of bacteriospermia  

The method used was based on total counts of bacterial spore 

suspensions [21], with the following modifications: i) ordinary glass slides 

(Livingstone International Pty. Ltd) were used instead of fixed-depth glass 

slides or a hemocytometer chamber; ii) the coverslip area was 22 x 22 mm 

instead of 19 x 23 mm; iii) and fixed volumes of the sample aliquots (7.5 µL) 

were used rather than fixed depths 0.01 to 0.02 mm. The diluted (1:100) semen 

sample was placed on the slide on a heating stage (MATS-U55S TOKAI HIT, 

Olympus Australia Pty. Ltd), maintained at 37 °C, covered with a coverslip 

(Gerhard Menzel GmbH - Braunschweig, Germany) and individual bacteria 

counted, after 2 min in two fields using a negative phase contrast (Phase 3) at 

10 X objective (Olympus Australia Pty. Ltd). A digital camera (Olympus DP 

71, Olympus Australia Pty Ltd) mounted on the eye piece allowed projection 

of the image on a monitor and facilitated counting of bacteria that were 
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identified based upon their morphology [22]: bacilli (rod shaped), cocci 

(spherical shaped) and cocobacilli (rod shaped bacteria that resemble cocci), all 

of  which appeared “bright” against a dark background. Bacterial species were 

not identified, as the objective was only to determine the level of 

bacteriospermia.  

 
 

Semen pH 

A 10 µL aliquot of a stored sample was applied to the pH indicator strip 

(Sigma Aldrich, Australia) that measured pH from 5 to 9 in increments of 0.5) 

and pH was estimated after 1 min. 

 

3.3.4 Statistical analyses 

Factorial designs were used for both experiments. Data were analyzed by 

ANOVA using General Linear Mixed Model procedures (JMP IN, 5.1.2; SAS 

Institute Inc., Cary, NC, USA) and percentages were arcsine-transformed 

before analysis. As Mass Motility Score is a rank the values for the MMS 

treatment groups were tested for significant differences by non-parametric tests 

(Kruskal-Wallis and Wilcoxon tests). When significant differences (α = 0.05) 

were detected among treatments, Tukey’s Honestly Significant Difference test 

was used for pair-wise comparisons. Results are presented as means ± SEM, 

with P < 0.05 considered significant.  

 

3.4 Results 

3.4.1 Experiment 1  

Collection temperature did not significantly affect sperm functions 

(motility and viability) or sperm morphology. The means amongst different 

collection temperatures were not significantly different: 3.3 ± 0.20 for the Mass 
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Motility Score, 74.9 ± 1.3 for percentage of total live, 63.7 ± 0.4 for percentage 

of live normal and 11.2 ± 1.1 for percentage of live abnormal sperm.  

  
In addition, there were no significant interactions of collection 

temperature with either storage time or storage temperature, for live, motile, 

abnormal, or normal sperm. However, the effect of storage temperature on live 

and normal sperm (Table I-1) and motility (Table I-2) depended on storage 

time (P < 0.01).The percentage of live sperm did not differ significantly 

amongst any of the storage temperatures for upto 24 h of storage but after 48 h 

they declined significantly at 20 °C compared to both 5 and 10 °C where they 

still remained unchanged (P < 0.01).  Similarly, sperm morphology remained 

unchanged at 10 and 20 °C for 24 h, but at 5 °C for only 6 h (P<0.01). 

However, after 48 h of storage the sperm morphology declined for all the 

storage temperatures but the decline was significantly more on storage at 5 and 

20 °C than at 10 °C (P<0.01).  Mass Motility Scores did not differ significantly 

from those of fresh semen at 5 and 10 °C for up to 24 h, whereas they did not 

differ at 20 °C for only up to 6 h (P<0.01). After 48 h of storage, these scores 

declined for all the storage temperatures but were similar between and higher 

at 5 and 10 °C than 20 °C (P<0.01).  

 
3.4.2 Experiment 2 

Sperm viability, motility and morphology were affected by both storage 

temperature and storage time and their interaction was significant (P <0.05). 

More than 70% of sperm were live after 24 h of storage at each temperature 

but, after 48 h, the decline in percentage of live sperm was higher in samples 

stored at 20 °C compared to 5 and 10 °C (P < 0.001; Table I-3).  
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Similarly, the percentage of motile sperm was similar at all storage 

temperatures after 24 h but, after 48 h of storage, the means were higher (P < 

0.001) with storage at 5 and 10 °C than at 20 °C (Table I-4). By contrast, other 

sperm variables did not differ significantly amongst any of the storage 

temperatures or durations of storage with overall means (µm/s) of 51.5 ± 1.25 

for VAP, 39.4 ± 1.11 for VSL and 125.4 ± 2.31 for VCL.  The percentage of 

abnormal sperm were higher (P < 0.001) during storage at 5 °C compared to 10 

and 20 °C beyond 6 h of storage (Table I-5). After 24 h they were higher at 5 

°C compared to 10 and 20 °C (P < 0.001). On comparing these percentages 

with those after 48 h - they remained unchanged for 10 °C but were lower for 5 

or 20 °C (P < 0.001) although they were still higher for 5 than 10 and 20 °C (P 

< 0.001).  

 
Bacteriospermia  

Bacteriospermia remained minimal (< 10 ± 1.3 bacteria) over the first 24 

h of storage at 5 and 10 °C. In contrast, at 20 °C, the level of bacteriospermia 

increased (67.2 ± 1.3, P<0.001; Table I-6). After 48 h, the bacterial count 

increased for all storage temperatures (P<0.001); the number of bacteria 

remained < 20 at both 5 and 10 °C, but increased considerably (P<0.001) to 

140 at 20 °C.  

 
pH  

The pH remained unchanged (7.5 ± 0.03) at all the storage temperatures 

for the first 6 h, but at 20 °C, it declined to 6.5 ± 0.03 after 24 h (P < 0.05) and 

further decreased to 6.0 ± 0.03 after 48 h (P < 0.001). In contrast, at 5 and 10 

°C, it remained unaffected (7.5 ± 0.03) after 48 h of storage. 
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Table I-1 Mean (± SEM) viability and morphology of emu sperm after dilution with UWA–E3 diluent and storage at 5, 10 
or 20 °C for 48 h.  

 Live sperm (%) Normal sperm (%) 

 Storage temperature ( °C) Storage temperature ( °C) 

Storage 

time (h) 
5 10 20 5 10 20 

0 89.5 ± 7.1 89.0 ± 7.1 88.0 ± 7.1 77.0 ± 5.1A 76.5 ± 5.1A 77.0 ± 5.1A 

6 86.1 ± 4.9 83.7 ± 4.9 83.7 ± 4.9 73.4 ± 4.9aAB 75.8 ± 4.9A 75.4 ± 4.9A 

24 77.6 ± 2.4 77.9 ± 6.2A 73.5 ± 6.2A 55.7 ± 2.4bBC 67.2 ± 2.4aA 67.5 ± 2.4aA 

48 70.2 ± 1.7aA 71.7 ± 6.2aA 50.0 ± 6.2bB 47.1 ± 1.7bC 64.8 ± 1.7aB 46.5 ± 1.7bB 

a- b Within a row for the same parameter (live or normal), means without a common superscript differed (P<0.01). 
A-C Within a column for the same parameter (live or normal), means without a common superscript differed (P<0.01). 

 

Table I-2 Mean (± SEM) Mass Motility Score of emu sperm after dilution 
with UWA–3 and storage for 48 h at 5,10 or 20 °C. 

Storage 

time (h) 

Storage temperature ( °C) 

5 10 20 

0 5.0 ± 0.0A 5.0 ± 0.0A 5.0 ± 0.0A 

6 4.7 ± 0.2A 4.7 ± 0.2A 4.4 ± 0.2A 

24 4.1 ± 0.2aA 4.2 ± 0.5aA 1.7 ± 1.3bB 

48 3.2 ± 0.6aA 2.2 ± 2.0aA 0.1 ± 0.3bB 

a-b Within a row, means without a common superscript differed (P<0.01). 
A-C Within a column, means without a common superscript differed (P<0.01). 
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Table I-3. Mean (±SEM) sperm viability and morphology after collection at uncontrolled ambient temperature and 
storage at 5, 10 or 20 °C for 48 h. 

Storage 

time (h) 

Live (%) Normal (%) 

Storage temperature ( °C) Storage temperature ( °C) 

5 10 20 5 10 20 

0 82.8 ± 1.1A 82.3 ± 1.1A 83.1 ± 1.1aA 76.7 ± 1.3A 75.6 ± 1.3A 76.6 ± 1.3A 

6 78.3 ± 1.1A 76.3 ± 1.1B 76.0 ± 1.1B 62.6 ± 1.3bB 66.9 ± 1.3abB 69.6 ± 1.3aB 

24 78.5 ± 1.1A 74.6 ± 1.1B 75.7 ± 1.1B 59.6 ± 1.3B 63.9 ± 1.3B 63.8 ± 1.3B 

48 58.7 ± 1.1aB 62.6 ± 1.1aC 27.6 ± 1.1bC 44.7 ± 1.3bC 54.1 ± 1.3aC 20.1 ± 1.3cC 

a-c Within a row for the same parameter (live or normal), means without a common superscript differed (P<0.01). 
A-C Within a column for the same parameter (live or normal),, means without a common superscript differed (P<0.01). 

 
 
 

Table I-4. Percentage of motile sperm after dilution with UWA-E3  

and storage at 5, 10 or 20 °C for 48 h. 

Storage 

time (h) 

Storage temperature ( °C) 

5 10 20 

0 70.5 ± 4.9 72.8 ± 4.9 67.7 ± 4.9A 

6 68.1 ± 4.9 70.6 ± 4.9 66.9 ± 4.9A 

24 55.7 ± 4.9 68.8 ± 4.9 64.7 ± 4.9A 

48 50.7 ± 4.9a 60.4 ± 4.9a 25.9 ± 4.9bB 

a,b Within a row, means without a common superscript differed (P<0.01). 
A-B Within a column, means without a common superscript differed (P<0.01).
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Table I-5. Percentage of abnormal sperm in UWA-E3 on storage at 5, 10 or 20 °C upto 48 h. 

Storage 

time (h) 
5 10 20 

0 6.3 ± 0.9C 6.7 ± 0.9B 6.4 ± 0.9B 

6 15.7 ± 0.9aA 9.4 ± 0.9bA 6.4 ± 0.9cB 

24 18.9 ± 0.9aA 10.8 ± 0.9bA 11.9 ± 0.9cA 

48 13.9 ± 0.9aB 8.4 ± 0.9bA 7.5 ± 0.9bB 
a-c Within a row, means without a common superscript differed (P<0.001).  

 A-C Within a column, means without a common superscript differed (P<0.001). 

 

Table I-6 Number of bacteria inUWA-E3 on storage at 5, 10 or 20 °C upto 48 h. 

Storage  

Time (h) 
5 °C 10 °C 20 °C 

0 5.8 ± 1.3B 5.9 ± 1.3B 7.3 ± 1.3C 

6 9.3 ± 1.3B 8.1 ± 1.3B 12.9 ± 1.3C 

24 9.9 ± 1.3bB 8.8 ± 1.3bB 67.1 ± 1.3aB 

48 18.7 ± 1.3bA 16.6 ± 1.3bA 139.9 ± 1.3aA 
a-b Within a row, means without a common superscript differed (P<0.001).  

 A-E Within a column, means without a common superscript differed (P<0.001). 

 

3.5 Discussion 

The findings of this study did not support the hypothesis that a low 

temperature for the collection vessel at the time of semen collection would 

reduce sperm quality. However, with respect to subsequent storage, sperm 

quality was strongly influenced by the temperature and duration of storage, 

with adverse outcomes particularly evident after 6 h at 20 °C.  

The tolerance of emu sperm to low collection temperatures may be 

attributed to the high percentage of unsaturated fatty acids (heneicosanoic, 

arachidonic, and docosatetraenoic acids) reported in emu sperm [18]; this 

interpretation is consistent with increasing resistance of sperm to chilling 

injury [23,24]. Perhaps emu sperm contain high cholesterol concentrations; it is 

a major component of all sperm plasma membranes [10] and known to reduce 
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its damage at low temperatures by reducing the liquid phase transition 

temperature and by maintaining membranes in a fluid state [25-27]. However, 

further study is needed, as the cholesterol content of emu sperm is apparently 

not known.  

Tolerance of emu sperm to low collection temperatures could be 

attributed, in part, to temperature changes occurring only in the peripheral 

sperm population (that constitutes only a small proportion of the collected 

semen; therefore, during equilibration the majority of the ejaculate is not 

subjected to sudden temperature changes. This notion is supported by our 

unpublished observation that following collection the ejaculates equilibrate at 

slightly higher temperature (approximately 2 °C) than the specific collection 

temperature. In addition, the plastic vials used for collection of emu semen 

may have provided some insulation for the ejaculates, thereby reducing the 

effects of low ambient temperatures. 

Maintenance of higher sperm quality at 5 and 10 °C than at 20 °C 

reflects similar findings for chicken sperm where progressive motility, fertility, 

and viability were significantly higher after storage for 6 h at 5 °C compared to 

15, 25 or 41 °C [16]. The decrease in live, normal sperm and increase in the 

dead and abnormal sperm (with bent principal piece) in the first experiment 

were in agreement with similar findings for chicken and turkey semen [16]. 

Overall, although the levels of sperm viability and motility were similar on 

storage at 5 and 10 °C, significantly lower percentage of the abnormal sperm 

on storage at 10 compared to 5 °C led us to conclude that a temperature of 10 

°C was optimal for 48 h storage in UWA-E. This was attributed to three 

factors. Firstly, a low metabolic rate, which is suggested to halve, for any cell 
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type, for every 10 °C decrease in the storage temperature [28]. At low 

metabolic rates, consumption and exhaustion of the limited sperm bioenergetic 

resources (ATP) is reduced. As demonstrated in chicken and turkey sperm, 

ATP consumption is reduced by 75 to 80% when semen is stored at 5 °C 

compared to 40 °C [29]. This would be associated with lower oxygen 

consumption at low temperatures, as reported in chicken and turkey sperm 

stored at 5 °C compared to 15, 25, or 41 °C for 3 or 6 h [16]. Secondly, though 

not yet investigated in emus, better sperm quality after storage at low 

temperature could be due to lower lipid peroxidative damage at 5 and 10 °C 

compared to 20 °C, as reported for turkey semen [30,31]. Thirdly, the greater 

loss of sperm functionality at 20 °C compared to 5 and 10 °C, was associated 

with bacteriospermia. Bacteriospermia can stimulate the production of reactive 

oxygen species (ROS), as shown for human sperm [32,33], induce sperm DNA 

fragmentation as demonstrated in bovine sperm [34], and lead to a reduction in 

intracellular ATP [ATP]i, [35] and pH, as reported for porcine semen after 36 

to 48 h storage at 15 °C [36]. These changes reduce motility and fertility [37] 

and lead to apoptosis [38], as demonstrated in human sperm. In emus, it is 

difficult to avoid bacterial contamination at semen collection; therefore, it is 

necessary to control/minimise bacteriospermia during storage. However, 

bacteriospermia is a cause of concern only if emu semen is stored at 20 °C and 

antibiotics can be incorporated in the semen extenders to minimize bacterial 

influence during liquid storage, as suggested for storage of fowl sperm [39] . 

A high percentage of motile sperm was observed on storage at 5 and 10 

°C compared to 20 °C. Storage at 20 °C, due to higher flagellar beat frequency, 

could result in faster exhaustion of sperm ATP reserves, as demonstrated in 



 

 

146 

 

trout sperm [40]. Conversely, we would expect sperm mitochondria to have a 

lower activity or Ca2+ATPase at lower storage temperatures (5 and 10 °C 

compared to 20 °C) as demonstrated for fowl sperm [41,42]. Studies in 

knockout mice suggest that this is associated with extrusion of Ca2+, either out 

of the sperm into the extracellular milieu, or increased pumping into internal 

stores [43], resulting in a net decrease in cytosolic Ca2+ concentrations that 

would initiate a faster decline in sperm ATP concentrations [44] and decreased 

sperm motility, due to its dependence on [Ca2+] i [45].  

Further research is needed to confirm the assertions suggested above. 

Nevertheless, we concluded that: 1) emu semen does not need protection from 

cold during collection at low ambient temperatures ranging from 5 – 20 °C; 

and 2) emu semen does not experience chilling injury on storage at lower 

temperatures and stores better at 5 and 10 °C than at 20 °C for up to 48 h.  
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Chapter 4: Manuscript II - Extending the 

viability of emu spermatozoa during in vitro 

storage by manipulation of temperature and 

diluent potassium concentration 
 

4.1 Abstract 

 Survival of emu sperm during in vitro storage is not affected by increasing 

the extracellular [K+] to the point where it does not adversely affect sperm 

function.  In three experiments, we studied the effects of [K+] in a diluent in the 

range 12.5 - 80 mMol/L on emu sperm survival for up to 48 h at 5, 10 or 20°C. At 

the end of the storage period, we measured sperm viability, motility, egg 

membrane penetration abilityand morphology. In Experiment 1, sperm viability 

and morphology were adversely affected after storage (P < 0.001) only in the 

diluent containing 80 mMol/L [K+] whereas sperm motility decreased as [K+] 

increased from 12.5 to 80 mMol/L. In Experiment 2, during storage at 5°C, the 

sperm viability did not differ significantly amongst any of the diluents (standard 

or modified) but morphology was better (P < 0.001) in all of the modified diluents 

than in the standard E3 diluent. In Experiment 3, after 48 h of storage in a diluent 

containing 40 mMol/L of [K+], the sperm functions were better preserved at 10°C 

than at 5 or 20°C. We conclude that a higher than physiological level of potassium 

can be used in a diluent without detrimental effect on emu sperm survival during 

48 h storage, the best outcome being with storage at 10°C rather than 5 or 20°C. 

 

Keywords: motility, liquid storage, storage temperature, fertility, CASA 



 

 

154 

 

4.2  Introduction 

Maximum preservation of sperm functions (such as motility and fertilising 

ability) are  of prime importance during liquid storage and is usually achieved by 

reducing sperm metabolic activity and then restoring it prior to insemination. 

Hypothermia is the preferred means for minimizing sperm metabolic activity for 

24 – 48 h of in vitro storage (Rubinsky, 2003). However, there are alternatives, 

including pH manipulation (mammalian or trout sperm (Boitano and Omoto, 

1991, Navarro et al., 2007)), manipulation of osmolarity (gold fish (Morisawa, 

1983)), and increasing the concentration of anions (particularly PO4
3- or Cl-) or 

cations (particularly K+) beyond physiological levels (for ram, bull, rabbit 

(Blackshaw, 1953, White, 1953, Salisbury, 1957)). The role of K+ in regulating 

sperm motility has been of significant interest because, in the rat, sea urchin and 

salmonid fishes, it has no effect on sperm fertilizing ability and the effect on 

sperm motility can be reversed without affecting viability (Wong and Lee, 1983, 

Garcia-Soto, 1987, Boitano, 1991, Tanimoto et al., 1994). 

However, there are very large differences among species – for example, 

with rat cauda epididymal sperm, there is 100% inhibition of motility with [K+] at 

60 mMol/L and complete reversal when the concentration was reduced to 4.7 

mMol/L (Wong and Lee, 1983) whereas, in dog spermatozoa (that were not of 

caudal origin but were from the spermatozoa-bearing fraction of dog semen 

collected by manipulation), motility increases as [K+] rises from 5 to 45 mM/l but 

then declines as [K+] exceeds 150 mM/L (Wales and White, 1958a, b). Moreover, 

the effect of potassium seems to vary with storage temperature depending upon 

the species (O'Shea, 1964, Karow et al., 1992). For example, O’Shea (1964) 

observed that [K+] in the range 16 – 64 mMol/L do not adversely affect the 



 

 

155 

 

motility of ram sperm at 37°C but were detrimental for semen stored at 5°C. On 

the other hand, Karow et al. (1992) demonstrated preservation of a significantly 

higher percentage of sperm motility in humans on storage at 5°C compared to 

37°C with 20 mMol [K+]. They also found that percentage of sperm motility was 

higher with 20 mMol compared to 5 mMol of [K+] on storage under hypothermic 

conditions (5°C). These observations emphasise the need for species-specific 

diluent composition and for study of interactions between storage temperature and 

diluent composition so that potassium levels can be optimised. 

Emu spermatozoa lose viability, motility and egg membrane penetration 

abilitybeyond 6 h of hypothermic storage, in both diluted (1:2) and undiluted 

form, at 4 or 20°C (Malecki and Martin, 2000, 2005). However, higher levels of 

viability and motility after 48 h were recorded in diluents containing higher 

potassium concentrations (UWAE1, UWAE2 and UWAE3; henceforth referred to 

as E1, E2 and E3) compared to diluents with little (Lake’s, British Poultry Semen 

Extender) or no potassium (NaCl- N-Tris -hydroxymethyl, methyl-2-aminoethane 

sulfonic acid) (Malecki and Martin, 2000, 2005). Amongst the diluents with 

higher [K+], the  best sperm functions after 48 h were maintained with E3, the 

diluent containing the highest [K+], suggesting that increasing [K+] in the diluent 

may prolong the preservation of functional emu sperm. Furthermore, since the 

osmolarity of the E3 diluent (265 mOsm/L) is near to osmolarity where emu 

sperm start showing hypoosmotic stress (Malecki et al., 2005, Matson et al., 2009) 

it is also possible that sperm motility is affected by diluent osmolarity. Thus both 

the [K+] and the osmolarity in the emu semen diluent require optimisation. The 

osmolarity of the diluent can be increased by increasing  the [K+] in the diluent 

but requires investigating which action of optimization will prolong the 
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preservation of functional emu sperm: whether it will be due to increase of the 

[K+] or due to the increase in osmolarity that occurs on increasing the potassium 

levels.  

We hypothesised that: 1) increasing potassium concentration will reduce 

sperm motility without adversely affecting sperm viability, 2) that increased [K+] 

of the diluent will not be detrimental to sperm when stored at hypothermic 

temperature, and 3) that storage temperature would determine the levels of 

potassium that can be used for in vitro storage of emu sperm.  

 

4.3 Material and Methods 

We carried out three experiments. In Experiment 1, we studied the effect of 

[K+] on viability, motility and morphology in emu sperm stored at 20°C. In 

Experiment 2, we studied the effect of modification of the base diluent (E3) by 

adding extra K+, Na+ or Trehalose on viability, motility and morphology of the 

emu sperm stored at 5°C. In Experiment 3, we evaluated the effect of storage 

temperature on sperm viability, motility, morphology and egg membrane 

penetration abilityin E3 diluent with extra potassium (E3+K). 

 
4.3.1 Animals 

The emus were housed in outdoor yards at the Native Animal Facility, 

Shenton Park, The University of Western Australia, under uniform feeding, 

housing and lighting conditions after grant of approval by the Animal Ethics 

Committee (Approval No: RA/3/100/775). They were selected during a 

preliminary study on the basis of meeting the following criteria: ejaculate volume 

of 0.35–1.25 mL; microscopic visual mass motility score (MMS) of ≥ 3; sperm 

concentration ≥ 2 × 109 sperm/mL; sperm viability ≥ 85% and ≤ 10% abnormal 
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(bent) cells in the semen sample. Hence the experiments were performed 

assuming equal variance in samples collected on different days. The number of 

males providing semen samples varied with each experiment: 3 in Experiment 1, 

7 in Experiment 2, and 5 in Experiment 3.  

  
Semen collection and processing  

All semen samples were collected, using either the “teaser” or “non-teaser” 

method (Malecki et al., 1997), once per day on three alternate days during late 

July to early August (i.e. early in the last part of the breeding season), thus, 

avoiding any effect of seasonality on sperm quality. 

For all 3 Experiments, the ambient temperature on the day of collection 

ranged between 5-20 °C. Experiment 1 was carried out without pooling the semen 

samples whereas in both other experiments, the ejaculates were pooled using an 

equal number of sperm from every male. In all experiments, every treatment tube 

was sub-divided into two equal parts to enable replication of every treatment at 

every level. Irrespective of the experiment, semen was diluted 1:1 with semen 

diluent as per the experimental design.  

 
 Sperm Concentration  

20 µl semen was diluted with 7.98 mL of 10% phosphate buffer formal 

saline. Subsequently, 1000 µL of this dilution was transferred to a cuvette and 

absorbance determined spectrophotometerically (8001 UV-vis Metertech Inc., 

Taiwan) at 595 nm so sperm concentration could be obtained from a previously 

established standard curve.  
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 4.3.2 Sperm function tests in vitro 

 Sperm viability and morphology  

The percentage of viable and morphologically normal spermatozoa (PVN) 

was estimated by staining with eosin-nigrosin (Bakst and Cecil, 1997). Staining 

was carried out by mixing 3.5 µL sperm suspension with 7 µL eosin-nigrosin 

solution and leaving the mixture for 2 min at room temperature. A smear was then 

prepared, dried and later observed on a computer screen by placing the slides 

under 100X objective of a microscope (Olympus BX60, Olympus Australia Pty. 

Ltd.) fitted with a digital camera (Olympus DP 70, Olympus Australia Pty Ltd). 

Sperm viability and morphology were evaluated in the same slides by the same 

person and categorised: live normal (when the sperm did not stain with eosin and 

there were no morphological changes in any part of the spermatozoa from head to 

tail); live abnormal (when the sperm did not stain with eosin and there were 

changes in morphology from head to tail); and dead (when the sperm stained with 

eosin). As done in an earlier study (Bakst and Cecil, 1997), a total of 300 sperm 

per duplicate slide were evaluated. 

 

Mass Motility Score (Experiment 1) 

The mass motility score (MMS) was estimated subjectively by scoring 

movement (scale 0 to 5) on a live image of a sample on the computer screen. A 

20x phase contrast objective (Olympus Australia Pty. Ltd) and the digital camera 

(Olympus DP 71, Olympus Australia Pty Ltd) were used to project the image. 

Two 5 µL aliquots of each sample of undiluted semen were transferred onto 2 

slides pre-warmed to 37°C on the heating stage (MATS-U55S TOKAI HIT, 

Olympus Australia Pty. Ltd) and 2 fields were scored for every slide after 

covering them with a coverslip (22 x 22 mm Deckgläser). Scoring was based on 
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the following criteria: 0 = no motility, 1= non-progressive motility, 2 = slow 

progressive motility, 3 = side-to-side movement accompanied by slow progressive 

motility, 4 = faster progressive motility and 5 = very fast progressive motility 

(Sontakke et al., 2004).  

 
Computer Assisted Semen Analysis (Experiment 2) 

For Experiment 2, Computer Assisted Semen Analysis (CASA) became 

available. We used a Hamilton Thorne Biosciences/IVOS Model 10 sperm 

analyser to determine sperm motility objectively from videos recorded in ‘avi’ 

format by after adjusting the concentration of spermatozoa to approximately 17 – 

20 x106 spermatozoa/mL with Dulbecco’s Modified Eagle’s Medium (Dulbecco 

modified medium low glucose, Sigma Chemicals Co., St. Louis, USA) containing 

0.03 % BSA at 37°C. For each sample, two slides (maintained at 37°C) were 

filled with 7.5 µL diluted semen, and 3 fields per slide were video-recorded for 10 

sec per field, using 10x phase contrast objective (Olympus Australia Pty. Ltd.) in 

conjunction with a digital camera (Olympus DP 71/25, Olympus Australia Pty 

Ltd). Thus, a total of 6 analyses were performed per sample and the video-

recordings were analysed later. The instrument settings for CASA were as 

follows: Frames acquired = 45, Frame rate = 60 Hz, Minimum contrast = 25, 

Minimum cell size = 11 pixels, Minimum static contrast = 15, Straightness (STR), 

Threshold = 80.0%, VAP cut off = 10.0 µm/s, Cell size = 4 pixels, Cell intensity = 

80, Static head size = 0.72 to 8.80, Static head intensity = 0.14 to 1.84, Static 

elongation = 0 to 47, Slow cells motile = NO, Magnification = 1.89, Video 

frequency = 60 frames/sec, Bright filed = NO and Integrating time = 1 frames. 

The following motility characteristics were determined: percentage of motile 

sperm (PMOT), curvilinear velocity (VCL in µm/s, velocity over the actual sperm 
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track), average path velocity (VAP in µm/s, velocity/average position of 

spermatozoa) and progressive velocity (VSL in µm/s, straight-line distance 

between beginning and end of the track/time elapsed).  

 

 Sperm-Egg Interaction Assay (Experiment 3) 

This in vitro assay of egg membrane penetration ability was carried out as 

described previously (Malecki et al 2005). Briefly, the yolk membrane was 

exposed by removing the albumin above the yolk surface. A filter paper (50 x 75 

mm) having a total of 18 holes (3 rows x 3 columns) was placed on the yolk 

membrane and the membrane cut along the edges of the filter paper and collected 

on the paper. All yolk was removed from the inner membrane by thorough 

washing with PBS. The filter paper bearing the membrane was then placed on a 

glass slide (50 x 75 mm), with the outer perivitelline layer of the membrane 

touching the glass slide, and covered by a second filter paper with 18 holes in the 

same pattern (3 rows x 3 columns). An 18-well µPVC plate with a similar pattern 

(3 rows x 3 columns) was placed on top of the second filter paper and all layers 

were held together by clips. This membrane assembly was filled with PBS, put in 

a petri dish, placed in an incubator at 40°C and used within 30 minutes of 

preparation. 80 µL Dulbeco’s Modified Eagle’s Medium (DMEM) containing 20 

x 106 sperm per treatment was dropped into each well, the whole assembly placed 

in a petri dish and incubated for 12 min at 40°C. The DMEM was then discarded 

and the wells washed with PBS. The membrane in each well was then fixed with 

80 µL 10% phosphate buffered formalin for 30 s and thereafter stained with 80 µL 

Schiff’s reagent for 30 s. Finally, the wells were rinsed with PBS, the µPVC plate 

removed and the membrane allowed to dry overnight at room temperature. The 

holes in each well were counted in 3 fields (3.5 mm2/field) using a light 
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microscope under 10 x magnification and expressed as number of holes/mm2. For 

a negative control, eggs were monitored, after treatment as described above, 

without addition of sperm.  

 
4.3.3 Experimental design and data analysis 

 Experiment 1: Effect of [K+] on viability, motility and morphology of sperm 

stored at 20 °C 

The experiment evaluated the effect of [K+]o on sperm viability and motility 

at room temperature (20 °C) as a function of time (as done by Malecki and Martin 

2000), with [K+]o at values above and below the standard [K+] of the E3 diluent 

(17.85 mMol/L). We used 3 males and did not pool the samples. For treatments, 

each ejaculate was divided into 6 equal parts without measuring the sperm 

concentrations and then each part was diluted 1:1 with pre-cooled (20 °C) E3 

diluent having final K+ concentrations of 12.5 (~ 46 mOsm/L), 15.0 (~55 

mOsm/L), 17.5(~65 mOsm/L), 20.0 (~74 mOsm/L) 40.0 (~149 mOsm/L) or 80.0 

mMol/L (297 mOsm/L).   The final osmolarity of these diluents was determined 

using Fiske One-Ten 259 Osmometer (Fiske Associates, Norwood, MA, USA) 

and was 252, 260, 272, 282, 360 and 514 mOsm/L respectively. These diluted 

samples were further subdivided into two equal parts to duplicate treatments, 

stored at 20 °C and the duplicates were repeatedly sampled for sperm viability, 

motility and morphology through in vitro tests after 0, 3, 6, 24 and 48 h. The 

experiment was repeated 3 times. 

 
Experiment 2: Effect of addition of K+, Na+ or Trehalose to the base diluent (E3) 

on viability, motility and morphology of sperm stored at 5 °C 

Having established the effects of higher [K+] at 20 °C, we evaluated the 

effect of elevated potassium concentrations (approx 40 mMol) on emu sperm 
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stored at 5 °C. The osmolarity of E3 diluent was increased by 80 mOsm/L with 

either K+ (by adding 7 g/l tripotassium citrate; ‘E3+K’, i.e. total [K+] being 8.93 

g/l with no additional  sodium), Na+ (by adding 5.4 g sodium glutamate; ‘E3+Na’, 

i.e. total [K+] being 1.93 g/l with additional sodium) or with trehalose (by adding 

17 g trehalose; ‘E3+T’, i.e. total [K+] being 1.93 g/l with no additional sodium). 

The final osmolarities of the modified diluents were measured using Fiske One-

Ten 259 Osmometer (Fiske Associates, Norwood, MA, USA). These ranged 

between 360 – 364 mOsm/L and were compared with E3 (272-280 mOsm/L) 

during storage at 5 °C. Ejaculates from 7 males (varying between 450-1500 µL) 

were collected once per day on three alternate days and pooled by taking an equal 

number of sperm from every ejaculate after determining sperm concentrations. 

The pooled sample was divided into 4 equal parts, and each diluted 1:1 either with 

pre-cooled E3, E3+K, E3+Na or E3+T diluent at room temperature. Thereafter, 

every diluted sample was divided into six equal parts, for independent sampling at 

three time points in duplicates. The samples were stored at 5 °C and assessed for 

sperm viability, motility and morphology at 0, 24 or 48 h (3 time intervals). The 

experiment was repeated 3 times. 

 
Experiment 3: Effect of the E3+K diluent on sperm viability, motility, morphology 

and egg membrane penetration abilitywith storage at 5, 10 and 20 °C 

After observing the effects of elevated potassium concentrations at 5 °C, we 

tested through crossed treatment combination, whether the advantage of elevated 

K+ levels in the newly developed emu diluent (E3+K) depended on the sperm 

storage temperature (i.e., whether there is an interaction between storage 

temperature and potassium concentrations). Ejaculates from 5 males were 

collected and pooled as described for Experiment 2. The pooled sample was 
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divided into 3 equal parts, at room temperature and diluted 1:1 with E3+K diluent 

precooled to 5, 10 or 20 °C. For every temperature treatment, diluted samples 

were sub-divided into six equal parts for independent sampling at three time 

points in duplicate and assessed for sperm viability and morphology  (N-E stain), 

motility (CASA)and sperm egg membrane penetration ability (S E assay) after 0, 

24 and 48 h (3 time intervals). The experiment was repeated 3 times.  

 
4.3.4 Statistical analyses 

Experiment 1 was a split plot design while experiment 2 and 3 were carried 

out according to a factorial design crossing the factors with each other. In 

Experiment 1, crossing of factors concentration (12.5 – 80.0 mMol) and time (0 – 

48 h) gave a total of N=540 observations from n=3 animals. In Experiment 2, 

allocation of pooled samples to a crossed treatment combination of diluent (E3, 

E3+K, E3+Na or E3+T) and storage time (0, 24 or 48 h) with assessment for each 

part of every treatment combination in duplicates on three days gave total of 

N=144 observations and n=6 reps per treatment combination. In Experiment 3, 

allocation of pooled samples to a crossed treatment combination of storage 

temperature  (5, 10 and 20°C  and storage time (0, 24 or 48 h) with assessment for 

each part of every treatment combination in duplicates on three days gave total of 

N=108 observations and n=12 reps per treatment combination. Data did not 

require transformation and were analysed using a linear mixed model (JMP IN, 

5.1.2; SAS Institute Inc., USA). As Mass Motility Score is a rank the values for 

the MMS treatment groups were tested for significant differences by non-

parametric tests (Kruskal-Wallis and Wilcoxon tests). When significant 

differences (α = 0.05) were detected among treatments, Tukey’s Honestly 

Significant Difference Procedure was used for pair-wise comparisons. Results are 
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presented as mean ± SEM, and probability values of P < 0.05 were considered 

significant.  

 

4.4 Results 

Experiment 1: Effect of [K+] on viability, morphology and motility with storage at 

20 °C 

There was a significant interaction between [K+] and storage time for MMS 

and percentages of live and normal sperm (P <0.001). Over the range of 

potassium from 12.5 – 80 mMol/L, there was a significant (P<0.001) decline in 

MMS means on storage from 0 to 48 h with no sperm motility (MMS= 0) in any 

of the potassium concentrations at or beyond 24 h of storage (Table I-1). A 

significant decline for the MMS values was also evident from the beginning of 

storage (0 h) when [K+] increased from 12.5 to 80 mMol/L (P<0.001,Table I-1). 

 

Table II-1  Changes in Mass Motility Score (MMS) of emu sperm during storage at 20 °C in 

diluents with different potassium concentrations. 

[K +] 

(mMol/L) 

Storage time (h) 

0 3 6 

12.5 4.8 ± 0.1aA 4.8 ± 0.1aA 4.0 ± 0.0bA 

15.0 4.9 ± 0.1aA 4.9 ± 0.1aA 4.0 ± 0.0bB 

17.5# 4.8 ± 0.1aA 3.0 ± 0.0bB 3.0 ± 0.0bB 

20.0 3.7 ± 0.1aB 3.0 ± 0.0bB 3.0 ± 0.0bB 

40.0 2.0 ± 0.0aC 1.0 ± 0.0bC 0.3 ± 0.1cC 

80.0 0aD 0aD 0aD 

Data are expressed as mean ± SEM; a- c Within a row means without a common superscript 

differed (P<0.001).  A-D Within a column means without a common superscript differed 

(P<0.01). #[K+] in a standard E3 Extender. *There was no sperm motility (MMS=0) after 24 

and 48 h of storage. 
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The percentages of live and normal sperm were higher with K+ in the range 

12.5 – 40 mMol/L (final osmolaroities ranging from 252 – 360 mOsm/L) than at 

80 mMol/L (final osmolaroity 514 mOsm/L) at or beyond 3 h of storage (Table 2 

and 3). The means for both the percentages of live and normal sperm (Table 2 and 

3) were not significantly different amongst [K+] in the range of 12.5 to 40 

mMol/L at 0 and 3 h but for 80 mMol/L the means were significantly lower after 

3 than at 0 h (Table 2 and 3). The percentages of live and normal sperm (Table 2 

and 3), at each time interval, declined significantly for all [K+] beyond 3 h of 

storage. However, within each time interval these percentages were significantly 

higher for [K+] ranging between 12.5 to 40 mMol/L than for 80 mMol/L (Table 2 

and 3).  
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Table II-2  Percentage of live emu sperm after storage at 20 °C for up to 48 h at different [K+]. 

[K +] 

(mMol/L) 

Storage time (h) 

0 3 6 24 48 

12.5 88.7 ± 0.06aA 86.6 ± 0.06aA 82.0 ± 0.06bA 76.3 ± 0.06cA 56.1 ± 0.06dA 

15.0 89.4 ± 0.06aA 86.3 ± 0.06aA 81.5 ± 0.06bA 76.1 ± 0.06cA 56.8 ± 0.06dA 

17.5# 90.1 ± 0.06aA 85.8 ± 0.06aA 82.4 ± 0.06bA 76.5 ± 0.06cA 57.7 ± 0.06dA 

20.0 89.6 ± 0.06aA 87.6 ± 0.06aA 82.9 ± 0.06bA 76.7 ± 0.06cA 56.8 ± 0.06dA 

40.0 88.1 ± 0.06aA 86.5 ± 0.06aA 83.9 ± 0.06bA  76.2 ± 0.06cA 55.6 ± 0.06dA 

80.0 88.1 ± 0.06aA 83.5 ± 0.06bB 80.7 ± 0.06cB  65.0 ± 0.06dB 32.4 ± 0.06eB 

Data are expressed as mean ± SEM; a-e Within a row means without a common superscript differ (P<0.001); A-B 

Within a column means without a common superscript differ (P<0.001). #[K+] in a standard E3 Extender.  
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Table II-3 Percentage of normal emu sperm after storage at 20 °C for up to 48h at different [K+]. 

 [K +] 

(mMol/L) 

Storage time (h) 

0 3 6 24 48 

12.5 85.4 ± 0.04aA 83.2 ± 0.04aA 78.9 ± 0.04bA 72.2 ± 0.04cA 52.6 ± 0.04dA 

15.0 86.2 ±0.04aA 83.9 ± 0.04aA 78.2 ± 0.04cA 71.2 ± 0.04dA 52.8 ± 0.04eA 

17.5# 86.8 ± 0.04aA 84.0 ± 0.04aA 79.0 ± 0.04cA 72.9 ± 0.04dA 53.9 ± 0.04eA 

20.0 86.5 ± 0.04aA 84.2 ± 0.04aA 78.7 ± 0.04bA  73.4 ± 0.04cA 53.2± 0.04dA 

40.0 84.9 ± 0.04aA 83.9 ± 0.04aA 79.3 ± 0.04bA 72.7 ± 0.04cA 52.6 ± 0.04dA 

80.0 85.1 ± 0.04aA 81.9 ± 0.04bB 77.5 ± 0.04cB 61.2 ± 0.04dB 30.2 ± 0.04eB 

Data are expressed as mean ± SEM.; a-e Within a row means without a common superscript differ (P<0.001); A-

B Within a column means without a common superscript differ (P<0.001). #[K+] in a standard E3 Extender. 
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Experiment 2: Effect of modification of the base diluent (E3) by addition of K+, 

Na+ or Trehalose on viability, motility and morphology of sperm stored at 5 °C 

There were no significant differences in the percentage of live sperm 

among any of the diluents (Table II-4), but the percentage of normal sperm was 

lower (P < 0.001) in standard E3 than in all of the modified diluents, with no 

differences amongst the modified diluents (Table II-4). VAP and VSL were 

both lower in E3 compared to E3+T (P < 0.05), with intermediate values for 

E3+K and E3+Na that were not significantly different to those for the other 

two treatments. For VCL, the diluents did not differ significantly. The 

interaction between diluent and storage time was significant for morphology 

but not for motility and viability. 

The percentage of normal sperm was higher (P < 0.05) for all of the 

modified diluents compared to E3 after 24 h and 48 h of storage (Table II-5), 

whereas there were no differences in the percentages of either live or motile 

sperm (P > 0.05) amongst all four diluents after 24 and 48 h of storage (Table 

5). Irrespective of the diluent the sperm functions and normal morphology 

declined over storage time (P<0.01). After 0 h the means were approximately 

87 – 89 % for live, 81 – 84 % for normal and 68 – 71% for motile sperm and 

after 24 h these declined to about 78 – 80 % for live, 58 – 65% for normal and 

59 – 70% for motile sperm (Table II-5). The means further decreased to around 

73 – 75 % for live, 55 – 62% for normal and 59 – 68% for motile sperm after 

48 h (Table II-5).   
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Table II-4  Overall percentages of live, normal and motile sperm, and sperm kinematics with 
storage at 5 °C for 48 h in Emu 3 diluent (E3), or E3 with added potassium (E3+K), sodium 
(E+Na) or trehalose (E3+T). 

Measure E3 E3+K E3+Na E3+T 

Live (%)  79.9 ± 1.6a 81.0 ± 1.6a 80.6 ± 1.6a 80.4 ± 1.6a 

Normal (%)  65.2 ± 1.6b 70.2 ± 1.6a 69.0 ± 1.6a 69.9 ± 1.6a 

Motility (%)  65.7 ± 1.2a 66.2 ± 1.2a 67.2 ± 1.2a 68.5 ± 1.2a 

VAP (µm/s) 48.4 ± 0.7b 50.8 ± 0.7ab 50.0 ± 0.7ab 51.5 ± 0.7a 

VSL (µm/s) 35.6 ± 0.7b 38.3 ± 0.7ab 37.1 ± 0.7ab 38.7 ± 0.7a 

VCL (µm/s) 122.6 ± 1.1a 125.4 ± 1.1a 124.0 ± 1.1a 125.5 ± 1.1a 

VSL: straight linear velocity; VCL: curvilinear velocity; VAP: average path velocity.  
Data are expressed as mean ± SEM.; a- b Within a row means without a common superscript 
differ (P<0.001).  

 
Table II-5 Percentage of live, normal and motile emu sperm during storage at 5 °C at different 

time intervals from 0 – 48 h, in diluent Emu3 (E3), or E3 with additional potassium (E3+K), 

sodium (E3+Na) or trehalose (E3+T)  

Storage time Diluent Live (%) Normal (%) Motility (%) 

0 h E3 86.8 ± 1.6A 82.7 ± 1.2A 70.6 ± 2.1aA 

 E3 + K 87.7 ± 1.6A 83.6 ± 1.2A 69.5 ± 2.1aA 

 E3 + Na 89.1 ± 1.6A 84.4 ± 1.2A 68.3 ± 2.1A 

 E3 + T 86.6 ± 1.6A 81.2 ± 1.2A 68.2 ± 2.1A 

24 h E3 79.9 ± 1.6B 58.0 ± 1.2C 67.6 ± 2.1A 

 E3 + K 80.1 ± 1.6B 64.4 ± 1.2B 69.8 ± 2.1A 

 E3 + Na 78.3 ± 1.6B 64.0 ± 1.2B 69.8 ± 2.1A 

 E3 + T 79.5 ± 1.6B 64.9 ± 1.2B 69.1 ± 2.1A 

48 h E3 72.7 ± 1.6C 54. 9 ± 1.2D 58.8 ± 2.1B 

 E3 + K 75.0 ± 1.6C 62.3 ± 1.2B 59.1 ± 2.1B 

 E3 + Na 74.2 ± 1.6C 61.4 ± 1.2B 66.2 ± 2.1A 

 E3 + T 74.8 ± 1.6C 61.5 ± 1.2B 68.1 ± 2.1abA 

Data are expressed as mean ± SEM (n = 6); A-C Within a column means without a common superscript 

differ (P<0.05).SEM 
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Experiment 3: Effect of E3+K diluent on emu sperm viability, motility, 

morphology and egg membrane penetration abilityduring storage at 5, 10 and 

20 °C  

Sperm viability, motility and egg membrane penetration ability were 

affected by both storage temperature and storage time and the interaction 

between these factors was significant. Overall, the percentages of normal and 

live sperm decreased as storage progressed to 48 h but were higher after 24 and 

48 h at 10 °C compared to 5 and 20 °C (Table II-6). Egg membrane penetration 

ability did not differ significantly amongst any of the storage temperatures at 

24 h, but after 48 h it was much lower at 20 °C than at 5 or 10 °C (Table II-6).  

 
Table II-6 Percentages of live, normal and motile sperm and egg membrane penetration 

abilityof sperm in E3+K diluent during liquid storage at three temperatures. 

Storage 

time (h) 

Storage 

temperature 

(°C) 
Live 

(%) 

Normal 

(%) 

Motility 

(%) 

Egg 

membrane 

penetration 

ability 

(holes/mm2)

0 5 83.9 ± 1.8A 78.4 ± 1.7A 76.3 ± 2.5A 65.7 ± 3.2A 

 10 83.6 ± 1.8A 78.2 ± 1.7A 72.8 ± 2.5A 72.7 ± 3.2A 

 20 84.0 ± 1.8A 78.8 ± 1.7A 79.8 ± 2.5A 65.4 ± 3.2A 

24 5 76.0 ± 1.8B 60.4 ± 1.7D 72.8 ± 2.5A 65.7 ± 2.3A 

 10 79.9 ± 1.8B 70.5 ± 1.7B 81.3 ± 2.5A 69.8 ± 2.3A 

 20 72.4 ± 1.8B 64.8 ± 1.7C 65.2 ± 2.5B 69.1 ± 2.3A 

48 5 68.4 ± 1.8C 53.4 ± 1.7E 65.6 ±2.49B 60.1 ± 1.9A 

 10 75.4 ± 1.8B 66.2 ± 1.7C 73.7 ± 2.49A 63.3 ± 1.9A 

 20 12.6 ± 1.8D 7.1 ± 1.7F 0C 18.1 ± 1.9B 

Data are expressed as mean ± SEM; a-f Within a column (i.e. for live, normal, motility or 

egg membrane penetration ability), means without a common superscript differed 

(P<0.001). 
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The percentage of motile sperm was higher at 10 °C after 24 and 48 h of 

storage compared to 5 and 20 °C. The values for VSL, VCL and VAP were 

higher on storage at 5 and 10 °C than at 20 °C after both 24 and 48 h of storage 

(Table II-7). The values for LIN and STR did not differ significantly amongst 

any of the storage temperatures after 24 h but, after 48 h, they were higher at 5 

and 10 °C than at 20 °C (Table II-7). 

 

Table II-7 Changes in sperm motility variables during storage in E3+K diluent at temperatures 

5, 10 or 20 °C. 

Storage 

time (h) 

Storage 

temperature (°C) 

VSL 

(µm/s) 

VCL 

(µm/s) 

VAP 

(µm/s) 

LIN 

(%) 

STR 

(%) 

0 5 34.6 ± 2.2c 108.7 ± 2.2d 44.5 ± 2.2cd 31.9 ± 4.8a 77.8 ± 4.3ab 

 10 32.3 ±2.2c 116.2 ±2.2c 43.8 ±2.2d 27.8 ± 4.3b 73.9 ±5.5b 

 20 36.2 ± 2.2bc 122.0 ± 2.2bc 48.1 ± 2.2b–d 29.6 ± 4.9a 75.2 ± 4.7b 

24 5 46.1 ± 2.2a 128.8 ± 2.2a 55.4± 2.2a 35.8 ± 6.3a 83.2 ± 5.4a 

 10 43.9 ± 2.2a 129.1 ± 2.2a 55.7 ± 2.2a 34.0 ± 5.2a 78.7 ± 5.9ab 

 20 36.9 ± 2.2bc 119.4 ± 2.2bc 46.6 ± 2.2b–d 30.9 ± 5.6a 79.2 ± 4.9a 

48 5 41.4 ± 2.2ab 125.3 ± 2.2ab 50.6 ± 2.2a–c 33.0 ± 5.5a 81.8 ± 5.5a 

 10 41.2 ± 2.2ab 123.4 ± 2.2ab 51.2 ± 2.2ab 33.4 ± 6.2a 80.4 ± 5.9a 

 20 0d 0e 0e 0c 0c 

VSL: straight linear velocity; VCL: curvilinear velocity. LIN: linearity index ((VSL/VCL) 

×100). STR: mean coefficient ((VSL/VAP) ×100). VAP: average path velocity.  a – e Values 

are mean ± S.D. of motility parameters from the CASA data set of stored spermatozoa in 

different extenders. Data are expressed as mean ± SEM. a- e Within a column (i.e. for the same 

motility parameter), means without a common superscript differed (P<0.001).  

  

4.5 Discussion 

The results of the present study support the overarching hypothesis that 

increasing the potassium concentration in the diluent would inhibit the motility 

of emu sperm without reducing sperm viability. The results also allow us to 
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formulate a combination of potassium concentration and storage temperature 

that significantly improves the preservation of emu sperm during liquid 

storage.  

Emu sperm viability can be preserved at higher than physiological 

concentrations of potassium, as evidenced by the improvement at 40 mMol/L 

compared to 17.5 mMol/L (the approximate concentration in our standard 

diluent), but judging from the significant decline in viability at 80 mMol/L, it is 

equally clear that further increases could lead to toxicity. Interestingly, 

Blackshaw (1953) reported that increasing potassium from 0 to 40 mMol/L 

was detrimental to ram and rabbit sperm. Similarly, O’Shea (1964) found that 

there was a loss of viability as [K+] was increased from 16 – 64 mMol/L with 

storage at 5 °C. On the other hand, Wales and White (1958) found that 

potassium concentrations in the range 5 to 45 mMol/L had little effect on the 

viability of dog sperm. Also bull sperm could be maintained at 40 mMol/L of 

potassium but viability declined as [K+] was increased to 360 mMol/L (Cragle, 

1959). While those reports demonstrate some similarities in sperm response to 

potassium range, they also emphasise the difficulty of drawing general 

conclusions about a level of potassium in semen diluents.  

In regards to sperm motility, a concentration-dependant inhibition of 

motility by potassium supports the suggestion that potassium may play a role in 

regulating the motility of emu sperm (Malecki and Martin, 2000), probably by 

depolarising the cell membrane (Gatti, 1985; Darszon et al., 1999; Darszon et 

al., 2001) with the level of depolarisation increasing with the increase in [K+] 

as predicted from Nernst Equation for storage of sperm at 20 °C (Berne and 
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Levy, 2000). Our observations are consistent with those in the bull (Cragle, 

1959), rat (Wong and Lee, 1983) or chimpanzee (McGrady et al., 1974).  

We also addressed the relationship between potassium concentration, 

storage temperature and other than potassium components after we found that 

at 20°C sperm viability declined by 6 h of storage. At 5 °C, the supra- 

physiological levels of of potassium (40 mMol/L in E3+K) did not affect the 

survival of emu sperm. In this experiment, 17.85 mMol//l potassium in E3 had 

poorer outcome than 40 mMol/L (E3 + K) in terms of preservation of sperm 

morphology at or beyond 24 h of storage. However there were no differences 

amongst the two potassium concentrations for the preservation of sperm 

viability and motility during storage from 0 – 48 h. Initially, motility with the 

modified E3+K diluent was similar to the E3+Na and E3+T diluents for only 

upto 24 h but after 48 h motility was more suppressed in E3+K diluents 

compared to E3+Na or E3+T diluents; i.e there was greater inhibiton of 

motility in the diluent with higher [K+]. Although requiring investigation, the 

reasons for greater motility inhibitions may be due greater depolarization of  

the sperm cells because of lower Na+/K+ ratios in E3+K or E3 compared to 

E3+Na diluent. Alternatively the greater motility inhibitions with E3+K or E3 

compared to E3+T and E3+Na diluent may be attributed to better protection of 

the motility mechanism by trehalose or by sodium. Although there was 

inhibition of motility with E3+K diluents the morphology remained unaffected. 

This decrease in the percentage of motile sperm without any adverse effects on 

morphology may indicate that motility reduction is independent of the 

mechanisms that govern viability. Thus while high potassium did not adversely 

affect  emu sperm survivalbetter levels of normal sperm and the same effect by 
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sodium or trehalose suggests that other diluent components or diluent 

osmolarity are also important to emu sperm. Our observation of lesser 

disruption of sperm morphology in the E3+K diluent (360 mOsm/L) than in the 

E3 diluent (264 MOsm/L) (Malecki and Martin, 2000), despite comparable 

levels of viability support this notion.   

It also agrees with other findings with avian sperm (chicken, turkey) in 

which hypo-osmotic media were shown to increase bending during storage at 

5°C (Van Wambeke 1977; Clarke et al., 1984; Siudzinska and Lukaszewicz 

2008). Thus, similar levels of sperm function in all of the modified diluents 

(E3+K, E3+Na and E3+T) suggests, that sperm can be better preserved by 

increasing the osmolarity to 360 mMol/L. 

 In the emu, however, sperm morphology was disrupted more at 5 than at 

10°C, suggesting that emu sperm become susceptible to mechanical damage 

(i.e., morphological changes in the cytoskeleton of the sperm plasma 

membrane without affecting it’s functions) on exposure to lower temperatures 

(Morris and Clarke, 1987). Our studies also attest to the use of trehalose for 

storage of emu semen under hypothermic conditions, supporting the contention 

from studies of ram (López-Sáez et al., 2000) and dog sperm (Yildiz et al., 

2000) that trehalose can protect sperm plasma membranes from the adverse 

effects of low temperature.  

In the subsequent experiment (Experiment 3) with 40 mMol/L potassium 

in the diluent, we found a major effect of the temperature x time interaction on 

maintenance of viability, motility, fertilisation capacity and morphology. 

Viability and motility were better preserved with liquid storage at temperatures 

lower than 20 °C, attesting to the advantage consistently offered by 
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hypothermia (Hammerstedt, 1993, Rubinsky, 2003). However, at 5°C sperm 

viability, morphology and motility in E3+K was not as well preserved as at 10° 

C after 48 h suggesting that the integrity of the emu sperm plasma membrane 

and morphology are adversely affected by storage at 5 °C. Thus, while 

potassium concentration can be safely increased from the physiological levels 

in seminal plasma (13.6 – 17.7 ± 0.4 mMol) to 40 mMol/L, preservation for 

upto 48 h is better achieved on storage at 10°C than at 5 or 20°C. Interestingly, 

the best temperature for storage of liquid semen for 24 – 48 h appears to vary 

between avian species, being 4°C for the chicken (Wilcox and Shorb, 1958, 

Clarke et al., 1982) and 15°C for the turkey (Carter et al., 1957, Sexton, 1984), 

again highlighting the need to develop specific semen storage protocols for 

each new species.  

In summary, for emu semen, there is a dose-dependent suppression of 

motility by potassium. Emu semen can be preserved for 48 h by storage at 

10°C with minimal loss of sperm function. These discoveries should facilitate 

liquid storage and transportation of emu semen with acceptable levels of 

fertility. 
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Chapter 5:  Manuscript III - Response of 

spermatozoa from the emu (Dromaius 

novaehollandiae) to rapid cooling, 

hyperosmotic conditions and 

dimethylacetamide (DMA) 

 

5.1 Abstract  

Three experiments conducted to improve the survival of emu sperm during 

cryopreservation aimed to: 1) minimise chilling injury during the cooling phase; 

2) determine the osmotic (300 – 2400 mOsm/L) effects of dimethylacetamide 

(DMA), sucrose and trehalose; and 3) investigate the timing and nature of 

cryoprotectant toxicity. We measured sperm viability, motility, morphology and 

egg membrane penetration. In Experiment 1, semen diluted 1:1 with a pre-cooled 

diluent (5 °C) prevented chilling injury. In Experiment 2, semen was diluted with 

DMA, trehalose or sucrose (300 – 2400 mOsm/L) in deionised water. Only added 

DMA decreased the percentage of morphologically normal sperm. The percentage 

of motile sperm was higher with DMA than with the sugars, but viable sperm did 

not differ significantly amongst all cryoprotectants. As for the osmotic effects, the 

percentage of  membrane intact sperm decreased with 2400 mOsm/L and sperm 

motility decreased with 1200 - 2400 mOsm/L, but sperm morphology was similar 

at all osmolarities. In Experiment 3, sperm membrane integrity, motility and 

morphology did not differ significantly at any  of the DMA osmolarities between 
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sperm equilibrated for 0 and 15 min, and remained unchanged after removal of 

DMA. We conclude that: a) loss of sperm function during the cooling phase can 

be avoided by using a diluent maintained at 5 °C; b) emu spermatozoa tolerate 

upto 1400 mOsm/L; c) DMA results in a permanent change in sperm morphology 

when it is dissolved in deionized water, but does not alter sperm membrane 

integrity and motility; and d) equilibration time of sperm with DMA can be less 

than 10 min.  

 

Keywords: semen chilling, osmolarity, trehalose, sucrose, toxicity, cryopreservation 

 

5.2 Introduction 

The protocols used for cryopreservation of avian sperm depend on several 

factors: a) osmotic conditions of the medium (Blanco et al., 2000, Blanco et al., 

2008); b) type of cryoprotectant (Lake & Ravie, 1984, Tselutin et al., 1999); c) 

cooling and freezing rates (Bakst, 1979, Duplaix & Sexton, 1983); and d) method 

of freeze-thawing (Tselutin et al., 1995, Blesbois, 2007).  

Preliminary investigations into cryopreservation of emu sperm using slow or 

rapid freeze-thaw protocols revealed a considerable loss of sperm function 

(Malecki et al., 2008). The loss of membrane integrity and fertilising ability are 

considerably higher when emu sperm were stored undiluted at 4 °C, (Malecki & 

Martin, 2005) as opposed to semen diluted with UWA–E3 diluent (at 20 °C) and 

cooled to 4 °C for liquid storage, or freezing (Malecki & Martin, 2000, 2005). It 

appears that this approach minimizes the duration of exposure of sperm to the 

critical zone of temperature within which they are irreversibly damaged 

(Petrunkina, 2007) due to phase transition of the membrane lipids (Drobnis et al., 

1993), a phenomenon known as chilling injury or cold shock (Watson, 1981, 
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Watson & Morris, 1987). This notion is also supported by the findings of 

Experiment 1 of Manuscript I of this thesis where emu semen after collection (at 

5, 10 or 20 °C) could be diluted with any of the pre-cooled (5, 10 and 20 °C) 

UWA–E3 diluent and stored for 24 – 48 h without any adverse effects on sperm 

viability and motility. The fact that dilution prior to chilling offers some 

protection suggests that alternative protocols should be investigated, a concept 

that has not been tested for emu semen.  

In addition, the freeze–thaw process impacts on the functionality of emu 

sperm, for which high osmolarities of dimethylacetamide (DMA) are thought to 

be partially responsible (Malecki & Martin, 2000). The isoosmotic range for emu 

semen is around 300 mOsm/L (Malecki & Martin, 2000), but the fact that sperm 

would survive better with cryopreservation medium at 1143 and 1576 mOsm/L 

(i.e. 6 and 9% DMA) than 2100 mOsmol/l (12% DMA) suggests that the upper 

osmotic tolerance limit of emu sperm is reached with 9-12% DMA (Malecki & 

Martin, 2000, 2005). The osmotic tolerance of avian sperm varies profoundly 

within and across taxa (Blanco et al., 2000) so tolerance must be determined 

species by species. The cryoprotective potential of DMA could also be 

compromised by toxicity, as demonstrated in chicken, turkey and raptor sperm, all 

of which were susceptible at DMA concentrations above 2000 mOsm/kg (Blanco 

et al., 2000). DMA toxicity is also species-specific – for example, after 10 min 

exposure to hypertonic media containing DMA (300–3000 mOsm/kg), sperm 

survival is 30% higher in the sandhill crane than the turkey (Blanco et al., 2008). 

The conflicting outcomes of studies with DMA necessitate further investigation 

for emu sperm.  
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The experiments reported here were designed to deliver viable sperm 

cryopreservation protocols for the emu by focussing on processing of semen prior 

to freezing. We tested whether: a) dilution of semen with the pre-cooled diluent 

will prevent chilling injury; b) sperm survival is adversely affected by exposure to 

hyperosmotic conditions; and c) DMA is toxic to emu sperm and whether the 

toxic effects are irreversible.  

 

5.3 Material and Methods 

All chemicals were purchased from Sigma Aldrich Co. (Castle Hill, NSW, 

Australia) unless otherwise stated and experiments performed under approval by 

the Animal Ethics Committee of The University of Western Australia (Approval 

No: RA/3/100/775). 

 
 5.3.1 Animals 

The birds were housed in the Native Animal Facility, Shenton Park, The 

University of Western Australia under uniform feeding, housing and lighting 

conditions. The birds were included if their ejaculates passed the following 

criteria: volume of the ejaculate ≥0.35 mL; microscopic visual mass motility score 

(MMS) of ≥3; sperm concentration ≥1.6 × 109 sperm/mL; sperm viability ≥85%, 

and ≤10% abnormal cells in the semen sample. The number of males varied: 3 for 

Experiment 1; 7 for Experiment 2; and 5 for Experiment 3.  

 
5.3.2 Semen collection and preparation  

Semen was collected by the ‘teaser’ or ‘non-teaser’ method (Malecki et al., 

1997) once per day on three alternate days, during early August 2009 and 2010 

(just after the peak of the breeding season; Malecki and Martin 2000). The 
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ambient temperature, where the birds were housed on the days of collection 

ranged from 5 to 20 °C.  

 
5.3.3 Experimental design and data analysis 

Previous studies by Malecki and Martin (2000 and 2005) do not clarify the 

reasons for decrease in sperm functions at the time of cooling semen samples down to 

+ 5 °C. It could possibly be due to variation amongst males in their susceptibility to 

this procedure. Therefore experiment 1 was carried out without pooling the ejaculates 

(factorial design). In this experiment it became clear that sperm from different 

males (that were selected for our study) do not vary in their response to the way 

semen is chilled down to + 5 °C and hence the subsequent experiments were 

performed by pooling the ejaculates (split plot design) according to a specific criteria 

(in section 5.3.1.).    

For all experiments, undiluted semen was kept at room temperature (≈20°C) 

and, within 15 min of collection, was exposed to the treatments. All experiments 

were repeated 3 times. The criteria for distinguishing cytotoxic from osmotic 

effects of the cryoprotectants was based on the assumption that the cytotoxic 

effects will be manifested by a decrease in sperm membrane integrity, motility or 

egg membrane penetration ability while the osmotic effects will be manifested by 

changes in sperm morphology (due to variations of the extra and intracellular 

osmotic pressure).  

Experiment 1: Effect of diluting emu semen with a diluent pre-cooled to 5°C on 

sperm viability, morphology, motility and fertilizing ability  

A 450 µL aliquot of semen ejaculate from every male (volume 450 – 1500 

µL) was divided into 2 equal parts and each part diluted (1:1) with pre-cooled 
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(5°C) UWA–E3 diluent [glucose 10 g/L, magnesium chloride (6 H2O) 0.37 g/L, 

tripotassium citrate (H2O) 1.93 g/L, sodium acetate (3 H2O) 6.2 g/L, sodium 

glutamate (H2O) 10.2 g/L] containing polyvinyl pyrrolidone (3 g/L) and 

maintained at 5 °C. The temperature immediately after dilution was 11.6 ± 0.1 °C 

so the samples were stored in a refrigerator for about 7 min until their temperature 

reached 5 °C. The experiment was repeated 3 times on alternate days and every 

sub sample evaluated in duplicate before and after cooling to 5 °C for sperm 

membrane integrity, motility, morphology and egg membrane penetration ability. 

 
Experiment 2: Effects of cryoprotectant type and osmolarity on emu sperm 

viability, motility and morphology after equilibration of 10 and 30 min 

Ejaculates (450–1500 µL) were pooled using 400 µL of semen from each of 

three males. To allow replication of each cryoprotectant (DMA[a permeating 

cryoprotectant]; trehalose and sucrose [non-permeating  cryoprotectants]) at each 

level (300 – 2400 mOsm/L), the pooled sample was divided into three equal sub-

samples and each sub-sample further subdivided into 8 equal parts. Each of two 

parts were diluted 1:1 with DMA, trehalose or sucrose in the range of 300 – 2400 

mOsm/L that had been prepared by dissolving individual cryoprotectants in 

deionised (DI) water. Prior to 1:1 dilution, cryoprotectant concentrations varied 

from 2.63 – 17.32%, (DMA) 10.19 – 47.59% (trehalose) and 9.30 – 45.10% 

(sucrose). For example, the osmolarity of 17.32% DMA would be 2400 mOsm/L 

and would come down to ≈1350 mOsm/L when diluted 1:1 with semen. The final 

osmolarities of the semen samples were thus 312–318 mOsm/L (after dilution 

with 300 mOsm/L of cryoprotectant containing solutions), 456–464 (dilution with 

600 mOsm/L), 716–724 (dilution with 1200 mOsm/L) and 1360 – 1370 mOsm/L 

(dilution with 2400 mOsm/L). All the osmolarities were determined using Fiske 
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One-Ten Osmometer (Fiske Associates, Norwood, Massachusetts, USA). Sperm 

quality in every sub sample was evaluated in duplicates with in vitro tests after 

equilibration for 10 and 30 min and the experiment repeated 3 times on alternate 

days.  

 
 Experiment 3: Effect of DMA on emu sperm viability, motility and morphology.  

Sperm viability, motility and morphology were studied after exposure to 

DMA that was removed after 0 and 15 min of equilibration. Semen was collected, 

sperm concentration was determined, and ejaculates were pooled by mixing 200 x 

106 sperm from every ejaculate. Each pooled sample was divided into 16 equal 

sub-samples of which four were diluted 1:1 with UWA–E3 diluent (glucose 10 

g/l, magnesium chloride (6 H2O) 0.37 g/l, tripotassium citrate (H2O) 1.93 g/l, 

sodium acetate (3 H2O) 6.2 g/l, sodium glutamate (H2O) 10.2 g/l) containing 300, 

600, 1200 or 2400 mOsm/L of DMA. Two of the four sub-samples in each 

treatment were equilibrated with DMA for 0 min (i.e. removal of DMA 

immediately after exposing semen samples to various treatments which took 

approximately 30 s before the samples were centrifuged) and two were 

equilibrated for 15 min. DMA was removed by centrifugation at 10000 rpm for 7 

min at 22 °C (pre-determined in laboratory tests). The DMA-treated spermatozoa 

were categorised as “DMA present” when equilibrated with DMA and “DMA 

removed” after its removal either after 0 or 15 min. All the samples, before and 

after removal of DMA, were evaluated with in vitro tests.  
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5.3.4 In vitro tests of sperm function 

 Sperm viability and morphology  

The percentage of viable and morphologically normal spermatozoa (PVN) 

was estimated by staining aliquots of sperm suspension with eosin (1% w/v) and 

nigrosin (5% w/v) diluted in buffer, prepared as described by Bakst and Cecil 

(1997). Sperm suspension (3.5 µL) was mixed with 7 µL eosin-nigrosin solution 

and the mixture was left for 2 min at room temperature. A smear was made, dried 

and observed under a 100x oil objective on an Olympus BX60 microscope 

(Olympus Australia Pty. Ltd.) fitted with a digital camera (Olympus DP 70, 

Olympus Australia Pty Ltd) and a computer screen. Sperm viability and 

morphology were evaluated in the same slides by the same person and categorised 

as follows: live-normal and live-abnormal; total-live (live normal + live 

abnormal) and dead (when the sperm stained with eosin). A total of 300 sperm 

were evaluated on each slide and the results converted to percentage before 

statistical analysis. If more than 95% of the total abnormalities were bent-neck 

sperm that were live then they were categorised as live-abnormal sperm. 

 

Sperm motility:  

a) Mass Motility Score (MMS) : Sperm motility in Experiments 1 and 2 was 

estimated subjectively by scoring sperm movement on a 0 to 5 scale whilst 

viewing the live image of samples projected onto a computer screen via 20x 

phase-contrast objective (Olympus Australia Pty Ltd) and digital camera 

(Olympus DP 71, Olympus Australia Pty Ltd). Two 5 µL aliquots of each semen 

sample were transferred onto 2 slides pre-warmed on the heating stage (MATS-

U55S TOKAI HIT, Olympus Australia Pty Ltd) maintained at 37 °C and 2 fields 

were scored for every slide. Scoring from 0 to 5 was based on the following 
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criteria: 0 = no motility, 1= non-progressive motility, 2 = slow progressive 

motility, 3 = side-to-side movement accompanied by slow progressive motility, 4 

= faster progressive motility and 5 = very fast progressive motility (Sontakke et 

al., 2004).  

 
b) CASA sperm motility: In Experiment 3, sperm motility was determined 

objectively by Computer-Assisted Semen Analysis (CASA) using a Hamilton 

Thorne Biosciences/IVOS, model 10 sperm analyser, from recordings in ‘avi’ 

format using Olympus software (Olympus Australia Pty Ltd). For videorecording, 

the concentration of spermatozoa was adjusted to 17–20 x106 sperm/mL with 

Dulbecco’s Modified Eagle’s Medium (Sigma Chemicals Co., St. Louis, USA) 

containing 0.03% BSA at 37 °C. For each sample, two slides (maintained at 37 

°C) were filled with 7.5 µL diluted semen and 3 fields per slide were recorded for 

10 sec each using 10x phase contrast objective (Olympus Australia Pty. Ltd.) in 

conjunction with a digital camera (Olympus DP 71/25, Olympus Australia Pty 

Ltd). Each sample was recorded 6 times. The instrument settings for CASA were: 

frames acquired = 45; frame rate = 60 Hz; minimum contrast = 25; minimum cell 

size = 11 pixels; minimum static contrast = 15; straightness (STR); threshold = 

80.0%; VAP cut off = 10.0 µm/s; cell size = 4 pixels; cell intensity = 80; static 

head size = 0.72 to 8.80; static head intensity = 0.14 to 1.84; static elongation = 0 

to 47; slow cells motile = NO; magnification = 1.89; video frequency = 60 

frames/sec; bright field = NO; integrating time = 1 frame. The following motility 

characteristics were determined: percentage of motile sperm (MOT); curvilinear 

velocity (VCL in µm/s); average path velocity (VAP in µm/s; velocity/average 

position of spermatozoa) and straight-line velocity (VSL in µm/s; straight-line 

distance between beginning and the end of the track/time elapsed).  
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Sperm egg membrane penetration ability (Sperm-Egg Interaction Assay) 

This test was carried out in vitro as per the protocol described for emus 

(Malecki et al., 2005a). Briefly, the yolk membrane was exposed by removing the 

albumin above the yolk surface. A filter paper (50 x 75 mm) having a total of 18 

holes (3 rows x 3 columns) was placed on the yolk membrane and the membrane 

cut along the edges of the filter paper and collected onto it. The inner membrane 

was made yolk-free by a thorough washing with Phosphate Buffer Saline (PBS). 

The filter paper bearing the membrane was then placed on a 50 x 75 mm glass 

slide with the outer peri-vitelline layer of the membrane touching the glass, 

covered by a second filter paper having 18 holes in the same pattern (3 rows x 

3columns). An 18-well µPVC plate with the same pattern (3 rows x 3 columns) 

was placed on top of the second filter paper and all layers were held together by 

clips. This assembly was filled with PBS, put in a Petri dish, placed in an 

incubator at 40 oC and used within 30 min. 80 µL Dulbeco’s Modified Eagle’s 

Medium (DMEM) containing 20 x 106 sperm per treatment was dropped into each 

well, the whole assembly placed in a Petri dish and incubated for 12 min at 40 oC. 

The DMEM was discarded and the wells were washed with PBS. The membrane 

in each well was then fixed with 80 µL 10% phosphate buffered formalin for 30 s 

and then stained with 80 µL Schiff’s reagent/well for 30 s. Finally, the wells were 

rinsed with PBS, the µPVC plate was removed and the membrane allowed to dry 

overnight at room temperature. In three fields (3.5 mm2/field) per well, sperm 

holes were counted using a light microscope under 10 x magnification and data 

were expressed as number of holes/mm2. For a negative control, eggs were 

monitored, after treatment as described above, without the addition of sperm.  
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Sperm Concentration  

Twenty microliters of semen was diluted with 7.98 mL of PBS containing 

10% formalin. Subsequently, 1000 µL of the dilution was transferred to a cuvette 

and measured for absorbance using a spectrophotometer at 540 nm (8001 UV-vis 

Metertech Inc., Nankang, Taipei Taiwan). Sperm concentration was calculated 

from a previously established standard curve.  

 
Temperature Measurement  

The temperature of every sample was determined by using a type T 

thermocouple (copper-constantan) with a thermometer (Omega model HH21 

microprocessors/thermometer, Omega Engineering, Inc., Stamford, Conn., 

U.S.A.). With the thermocouple still inside the semen aliquots, the samples were 

diluted with a pre-cooled cryodiluent maintained at 5 °C and temperature was 

noted immediately after dilution.  

 
5.3.5 Statistical analyses  

All the experiments were factorial designs with all interactions represented. 

For Experiment 1, sperm suspensions from three males were used for all treatment 

levels and the males were treated as blocks to reduce the experimental error. For 

subsequent experiments, pooling was done in a way to allow the contribution of 

equal numbers of sperm (200 x 106/mL) from every male. Data were arcsine 

transformed from percentages and then analysed using a linear-mixed model (JMP 

IN, 5.1.2; SAS Institute Inc., USA) for all the individual effects and interactions  

and the a priori determined significance level was <0.05. As Mass Motility Score 

is a rank the values for the MMS treatment groups were tested for significant 

differences by non-parametric tests (Kruskal-Wallis and Wilcoxon tests). When 
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significant differences (α = 0.05) were detected among treatments, Tukey’s 

Honestly Significant Difference Procedure was used for pair-wise comparisons 

except for equilibration times where Student’s t test was used for comparisons.. 

All values are presented as means ± SEM.  

5.4 Results 

Experiment 1: Effect of dilution with diluent pre-cooled to 5°C on sperm viability, 

motility and egg membrane penetration ability 

The percentages of normal and live sperm, sperm motility and the egg 

membrane penetration ability did not differ significantly between the fresh semen 

held at room temperature and semen cooled with UWA–E3 diluent (Table III-1).   

Table III-1 Viability, morphology, motility and egg membrane penetration ability in fresh and 

cooled emu semen following 1:1 dilution with UWA–E3 diluent pre-cooled to 5°C. All values are 

mean ± SEM. 

Semen Normal 

(%) 

Live 

(%) 

Mass Motility 

Score 

Egg membrane penetration 

ability (holes/mm2) 

Fresh 82.4 ± 2.7 87.4 ± 2.6 4.7 ± 0.5 68.1 ± 1.3 

Cooled 81.9 ± 2.6 86.3 ± 2.5 4.4 ± 0.5 66.4 ± 1.3 

 

Membrane integrity (eosin-negative) was tested using eosin–nigrosin stain. 

 

Experiment 2: Effects of cryoprotectant and osmolarity on sperm viability, 

motility and morphology after equilibration of 10 and 30 min 

The statistical analysis showed no interaction of the equilibration time with 

the osmolarity (P>0.05). The means for the percentage of live, normal and 

abnormal sperm did not differ significantly between 10 and 30 min (P>0.05), so 

data were pooled and the pooled means were 87.0 ± 2.5% for live, 72.0 ± 1.5% 
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for normal and 15.0 ± 1.5% for abnormal sperm. However, the sperm motility was 

higher after equilibration for 10 (3.1 ± 0.3) than 30 min (2.9 ± 0.3; P < 0.05). As 

for the interaction between cryoprotectant and osmolarity the effect did not differ 

significantly for the means of percentage of live, normal and abnormal sperm but 

were significant for motility (P < 0.001). The motility scores for all 

cryoprotectants (DMA, sucrose and trehalose) up to 600 mOsm/L, and only for 

DMA at 1200 and 2400 mOsm/L, ranged from 5.0- 4.1 ± 0.19 and these values 

were higher than those for sucrose and trehalose at 1200 and 2400 mOsm/L where 

the motility score was 0 (P < 0.001) and sperm were immotile (MMS = 0)  

As for the cryoprotectant effect, the percentage of live sperm was not 

significantly different amongst any of the cryoprotectants but the percentage of 

normal sperm was lower with DMA than with sucrose or trehalose (P < 0.001; 

Table III-2). The percentage of abnormal sperm was higher in DMA than sucrose 

or trehalose (P < 0.001; Table III-2). Sperm Mass Motility Scores were higher in 

DMA than in sucrose or trehalose (P < 0.001; Table III-2).  

With respect to the overall effect of osmolarity, irrespective of the 

cryoprotectant, the percentages of live sperm decreased only with 2400 mOsm/L 

solution (P < 0.001; Table III-3). The percentages of normal or abnormal sperm 

did not differ significantly at any of the osmolarities (P > 0.05; Table III-3) but 

the motility decreased in solutions ranging from 1200 – 2400 mOsm/L (P < 0.001; 

Table III-3). 
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Table III-2: Emu sperm viability, morphology and motility on exposure to different 

cryoprotectants irrespective of the osmolarity (300 – 2400 mOsm/L). All values are mean ± SEM. 

CPA 
Live (%) Normal (%) Abnormal (%) Mass Motility Score 

DMA  87.0 ± 5.0a 49.7 ± 3.0b 37.2 ± 1.2a 4.8 ± 0.1a 

Sucrose 86.3 ± 5.0a 82.2 ± 3.0a 3.9 ± 1.2b 2.1 ± 0.4b 

Trehalose 87.0 ± 5.0a 83.5 ± 3.0a 2.0 ± 0.2b 2.1 ± 0.5b 

Different superscript (a,b) in the same column indicate significant differences. The category 
abnormal represents more than 95% of live bent-neck sperm. 
# DMA: dimethylacetamide. Membrane integrity (eosin-negative) was tested using eosin–
nigrosin stain.   

 

 

Table III-3: Emu sperm viability, morphology and motility after dilution with 300 – 2400 

mOsm/L solutions irrespective of the cryoprotectant (DMA, Sucrose and Trehalose). All values 

are mean ± SEM. 

Osmolarity* 

(mOsm/L) 

Live 

(%) 

Normal 

(%) 

Abnormal 

(%) 

Mass Motility 

Score 

300 88.5 ± 5.7a 72.6 ± 3.4a 16.0 ± 3.7a 4.5 ± 0.2a 

600 88.2 ± 5.7a 72.2 ± 3.4a 15.9 ± 3.7a 4.4 ± 0.2a 

1200 87.4 ± 5.7a 73.3 ± 3.4a 14.2 ± 3.7a 1.6 ± 0.5b 

2400 83.5 ± 5.7b 69.3 ± 3.4a 14.1 ± 3.7a 1.5 ± 0.5b 

Different superscripts (a,b) in the same column indicate significant differences (P<0.001). 
*Osmolarity of the solutions prior to dilution 1:1 with semen. The final osmolarities were 312–
318, 456–464,716–724 and 1360 – 1370 mOsm/L after dilution (1:1) with 300, 600, 1200 and 
2400 mOsm/L solutions. Membrane integrity (eosin-negative) was tested using eosin–nigrosin 
stain. 

 

Experiment 3: Effect of equilibration with DMA and after its removal on sperm 

viability, motility and morphology 

There was no interaction between time of equilibration and osmolarity of the 

diluents for sperm viability, morphology or any type of the motility variables. 

Therefore the data were pooled and the overall means were compared for the 
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DMA present and DMA removed sperm and also for the equilibration times 0 and 

15 min. The percentages of live, abnormal and motile sperm, and VAP, VSL and 

VCL (Tables III-4) did not differ significantly amongst ‘DMA present’ or ‘DMA 

removed’ sperm for any of the tested osmolarities (300-2400 mOsm/L) (Table III-

4). Similarly, the percentage of live, abnormal, motile sperm, VAP, VSL and 

VCL, did not differ significantly amongst samples equilibrated for 0 or 15 min 

(Table III-5). 

 

Table III-4:  Overall percentages of abnormal, live, motile sperm, average path velocity (VAP), 

straight linear velocity (VSL) and curvilinear velocity (VCL) of emu sperm with DMA and after 

its removal irrespective of the osmolarity (300 – 2400 mOsm/L), independently of equilibration 

time. All values are mean ± S.EM.  

 

 

 
 
 
 
 
 
 
 
 
 
 
Data indicate no significant differences (P < 0.05) within sperm function with DMA 

(dimethylacetamide) present (DMA+) or removed (DMA−). All motility parameters were 

evaluated through Computer-Assisted Sperm Analyses (CASA) and membrane integrity (eosin-

negative) was tested using eosin–nigrosin stain.  

 
 
 
 
 

Item DMA + DMA - 

Abnormal sperm morphology (%) 17.7 ± 1.5 19.8 ± 3.1 

Live (%)  81.9 ± 2.2 81.7 ±3.2 

MOT - Motile Sperm (%)  82.1 ± 6.6 82.4 ± 4.4 

VAP - Average path velocity (µm/s) 441.6 ± 7.5 40.8 ± 3.9 

VSL - Straight linear velocity (µm/s) 31.3 ± 6.9 30.3 ± 5.3 

VCL - Curvilinear velocity (µm/s)  117.9 ± 12.3 116.4 ± 8.8 
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Table III-5:  Overall effect of sperm equilibration with dimethylacetamide (DMA) (300 – 2400 

mOsm/L) or following its removal after 0 and 15 min. Values are mean ± S.EM. 

 

Item 0 min 15 min 

Abnormal 19.2 ± 1.4a 18.3 ± 1.4a 

Live 81.6 ± 2.5a 81.9 ± 2.5a 

MOT - Motile Sperm (%) 82.3 ± 0.6a 82.4 ± 0.6a 

VAP - Average path velocity (µm/s) 42.5 ± 0.6a 40.3 ± 0.6b 

VSL - Straight linear velocity (µm/s) 31.2 ± 0.7a 30.0 ± 0.7a 

VCL - Curvilinear velocity (µm/s) 117.0 ± 1.2a 117.0 ± 1.2a 

Different superscripts (a,b) within in a row indicate significant differences (P < 0.05). 

All motility parameters were evaluated through Computer-Assisted Sperm Analyses (CASA) and 

membrane integrity (eosin-negative) was tested using eosin–nigrosin stain. 

 
 

5.5 Discussion 

Three major findings of our studies that will help in improving 

cryopreservation of emu sperm were that: 1) the cooling of fresh semen with pre-

cooled diluent did not reduce emu sperm function; 2) emu spermatozoa were 

tolerant to osmolarities as high as ≈1400 mOsm/L l; and 3) DMA was not toxic to 

emu sperm although it does induce permanent morphological changes (that may 

be considered a kind of mechanical damage than cytotoxicity)  in a small 

percentage of sperm under isoosmotic and hyperosmotic conditions.  

Cooling of semen with a diluent pre-cooled to 5°C preserved sperm viability, 

morphology, motility and egg membrane penetration ability, in contrast to the 

findings of Malecki and Martin (2005) who observed a considerable decline in 

egg membrane penetration ability (35-50%) and viability (20%) after the cooling 

with a diluent at rates of 1–100 °C/min. In the present study, cooling semen 

abruptly with diluent pre-cooled to 5°C provided much faster cooling rates ( ≥ 360 
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°C/min) and this seemed to prevent damage (Watson, 1981; Amann, 1999). In 

other words, rapid cooling of emu semen appears to avoid chilling injury and thus 

provide a higher percentage of viable sperm for freezing, compared to slower 

cooling rates. 

The osmotic tolerance of avian sperm varies profoundly within and across 

taxa (Blanco et al., 2000). Emu sperm were found to retain ≈ 85 % viability and 

thus are tolerant to hyperosmotic conditions as high as ≈1400 mOsm/L 

irrespective of the cryoprotectant used. High survival of emu sperm in 

osmolarities as high as ≈1400 mOsm/L agree with similar observations for 

raptor sperm exposed to osmolarities as high as 3000 mOsm/L (Blanco et al., 

2000). When compared to chicken and turkey, the osmotic tolerance seems 

similar in emu spermatozoa because the poultry sperm maintain normal viability 

at ≤ 1200 mOsm/L (Blanco et al., 2000). High tolerance of emu sperm to high 

osmotic pressures of ≈1400 mOsm/L also confirm the observation of Malecki & 

Martin (2000) for better survival of emu sperm with cryopreservation medium at 

1143 and 1576 mOsm/L (i.e. 6 and 9% DMA) than 2100 mOsmol/l (12% 

DMA).  It is noteworthy to mention that the design of this study only considerered 

hyperosmotic exposure although it is likely that emu sperm could experience some 

damage at the time of thawing but because the procedure was the same for every 

treatment it was assumed to have same effect and therefore the effects observed 

in this study could be interpreted as being due to cooling/freezing treatment. 

In addition, DMA was not toxic to emu sperm because it did not affect either 

sperm viability or motility, at any of the concentrations. However, the increase 

in the percentage of abnormal sperm to around 37% indicates that detrimental 

effects of DMA are restricted to selective morphological alterations (a 
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phenomenon that is more of a mechanical damage than cytotoxicity that 

influences metabolic processes of sperm)  do not disrupt the mechanisms that 

govern viability and motility. The reasons for the morphological alterations by 

DMA are not known, although they were manifested only when deionised water 

instead of E3 diluent was used. This observation supports those of Malecki and 

Martin (2000) who found that the percentage of morphologically abnormal 

sperm remained within the standard emu spermiogram range when semen was 

diluted with DMA dissolved in the UWA-E3 diluent. 

In the present study, variation in the percentage of abnormal sperm, 

demonstrates a cryoprotectant-specific response for stabilization of the sperm 

plasma membranes. Absence of sperm bending on exposure to sugars, irrespective 

of the osmolarities tested, in contrast to significantly higher sperm bending with 

DMA, demonstrates higher stabilization of the sperm plasma membranes by 

sugars compared to DMA. This seems a plausible explanation as sugars stabilize 

the plasma membrane (Koster et al., 2000) by preferential hydrogen-bonding with 

the proteins and polar ends of membrane phospholipids (Rudolph et al., 1986) that 

consequently may prevent sperm bending. On the other hand, the abrupt increase 

in the percentage of abnormal sperm on exposure to DMA indicates instantaneous 

dehydration by DMA. Although this would require a separate investigation, the 

sperm bending due to DMA could be due to a difference in hydrostatic pressure 

across the sperm plasma membrane, or to a reduction of the effective area of the 

sperm membranes at the time of initial shrinkage. The former explanation seems 

plausible as similar observations have been made for red blood cells (Meryman, 

1970). Likewise, the latter explanation concurs with similar findings by Stepnokus 

and Weist (1979) while studying freeze-thaw induced lesions in the plasma 
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membrane of protoplasts. These factors could both prevent the assumption of 

normal shape and volume after the initial efflux of intracellular water. 

The sperm bending induced by DMA in our study seems to be of permanent 

nature. As observed in human sperm, exposure to cryoprotectants results in a 

momentary shrinkage of sperm (Du et al., 1994) that, after adequate equilibration, 

is followed by swelling and an increase in cell volume (Gao et al., 1993) after 

treatment with glycerol solution at 4694 mOsm/L. However, despite equilibration 

of emu sperm for 30 min there was no decrease in the percentage of bent sperm. 

In our opinion, equilibration for 30 min is long enough to facilitate the assumption 

of normal shape because, as seen in quail sperm, equilibration beyond 5 min with 

DMA can decrease the number of morphologically normal sperm (Kowalczyk, 

2008).  

Consequently, we studied the time and nature of occurrence of morphological 

alterations in the presence and absence of DMA after equilibration of 0 and 15 

min. The presence of bent sperm immediately after exposure (0 min) shows that 

morphological changes are induced within seconds, as suggested from the 

previous experiment. Furthermore, the fact that the percentage of bent sperm after 

0 min of exposure remained unchanged after both removal of DMA and extending 

the equilibration time from 0 to 15 min suggests that these morphological changes 

are permanent. There are no other studies with which to compare these 

observations, but our results suggest that equilibration time of emu sperm with 

DMA should be as short as possible. This notion is supported by observations of 

Kowalczyk (2008) that prolonged equilibration with DMA decreased the 

percentage of morphologically normal sperm in Japanese quail. These findings 
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support a reduction of equilibration time to < 10min from 30 min in the existing 

cryopreservation protocols. 

In conclusion, although the existing cryopreservation protocol requires 

improvement beyond the step of equilibration, from our results we can conclude 

that: a) loss of sperm function during the cooling phase of semen can be avoided 

by cooling it with a pre-cooled diluent maintained at 5 °C; b) emu sperm are 

tolerant to high osmolarity of DMA (9 – 12%); c) DMA, irrespective of the 

concentration used, exerts permanent morphological alterations in a small 

population of sperm immediately at the time of equilibration, but may be a useful 

cryoprotectant; and d) that equilibration time with DMA can be reduced to less 

than 10 min. 
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Chapter 6: Manuscript IV - Survival of emu 

(Dromaius novaehollandiae) sperm 

cryopreserved with various initial 

temperatures and cryoprotectant 

concentrations 

 

6.1 Abstract 

The aim of the three experiments was to optimize the protocol for 

cryopreservation of emu sperm. In experiment 1, the sperm functions were 

assessed after freezing at initial temperatures of –140 °C and –35 °C, with 6 or 9 

% DMA (di-Methylacetmide), in semen cooled to 5 °C before dilution (Path 1) or 

semen diluted before cooling to 5 °C (Path 2). In experiment 2, the value of 

combining DMA and trehalose in the diluent was investigated and in experiment 3 

the possibility of increasing DMA concentrations beyond 9 % was investigated. 

Ejaculates were collected from trained male emus, then diluted 1:1 and pooled 

before allocation to treatments and therafter measured for sperm viability, 

motility, egg membrane penetration ability, membrane stability and morphology. 

In Experiment 1, the percentages of live (42.8 ± 1.1), normal (39.0 ± 1.3) and 

motile (29.8 ± 1.3) sperm were higher (P<0.001) for semen frozen at –140 °C 

with 9 % DMA (Path 2) than for all other combinations. In Experiment 2, 

combining trehalose (3–9 %) with DMA (3–9 %) prior to freezing reduced 
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(P<0.001) the post-thaw percentages of live (by 4–9 ± 1.2), normal (by 5 – 11 ± 

1.3) and motile sperm (by 13 – 17 ± 2.5) and also reduced the number of holes on 

the perivitelline layer (by 27 – 29 holes/mm2).  Post-thaw functions were best 

preserved with 9% DMA alone. In Experiment 3, post thaw sperm viability (52–

55 ± 2.3%) and morphology (48–51 ± 1.7%) were not significantly differnt and 

were higher (P<0.05) with 18 and 24 % DMA but sperm motility (36–43 ± 2.9%) 

and the number of holes on the perivitelline layer (36–55 ± 12 holes/mm2) were 

similar for 9–18 % DMA. We conclude that adding trehalose to the diluent offers 

no advantage, and that the current best practice for preserving post-thaw function 

in emu sperm is to use 18 % DMA alone as a cryoprotectant. 

 

Key words: cryopreservation, membrane stability, flow cytometer, fluorescent, 
vapour-freezing 

 

6.2 Introduction 

Artificial insemination needs to be used widely in the ratite industries 

because there are few realistic alternatives for genetic selection. However, emu 

spermatozoa lose much of their functionality during cooling to 5 °C, and then 

more again during the freeze-thaw process (Malecki and Martin, 2000, 2005), so 

the cryopreservation protocol requires considerable development. A successful 

cryopreservation protocol for any species requires optimisation of all of the steps, 

including semen collection and extension, cooling to above 0 °C, equilibration 

with a suitable cryoprotectant, freezing, storage in liquid nitrogen and thawing 

prior to insemination.  

Freezing in liquid nitrogen vapour is an important step for a good 

cryopreservation outcome and a broad range of temperatures (–20 to –140 °C) 
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have been used for cryopreservation of a variety of avian sperm (Bakst, 1979; 

Lake, 1981b; Sexton, 1981; Samour and Samour, 1988; Brock and Bird, 1991; 

Gee et al., 1993; Seigneurin and Blesbois, 1995; Tselutin et al., 1995; 

Lukaszewicz, 2002; Sontakke et al., 2004; Han, 2005; Blesbois, 2007b). This 

involves freezing semen in two steps – in the first step the straws are initially 

frozen to a particular target temperature in liquid nitrogen vapour and thereafter, 

in the second step, the straws are directly dropped into liquid nitrogen.However, 

in none of these studies were low and high freezing temperatures  

compared directly, although the lower initial temperature (–140 °C) appears to 

preserve sperm function effectively in the goose (Lukaszewicz, 2002). This is 

supported by studies with sheep sperm showing that post-thaw viability and 

motility are improved on initial exposure to –125 or –105 °C compared to –55 and 

–75 °C (Colas, 1975; Cabrita et al., 2001; Bag et al., 2002). In emus, sperm have 

only been frozen at a relatively high –35°C (Malecki and Martin, 2000) and the 

outcome was low survival, motility and fertilising ability, so a lower initial 

freezing temperature should be tested. 

A second critical factor in the cryopreservation protocol is the nature and 

concentration of the cryoprotectant in the diluent. Dimethylacetamide (DMA), a 

permeating cryoprotectant was found to be better for freezing emu sperm than 

DMSO (di-methylsulphoxide) and glycerol, with better post-thaw viability with 9 

% DMA than with 3 and 6 % DMA(Malecki and Martin, 2000). However, the 

percentage of live sperm survival achieved with 9 % DMA was too low for the 

commercial use of frozen emu semen and the higher concentrations of DMA were 

not tested by Malecki and Martin (2000). 
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Another factor, documented initially for human sperm (Gao et al., 1995), is 

that sperm can tolerate higher concentrations of cryoprotectant if the 

cryoprotectant is diluted prior to its addition to semen rather than added directly to 

the semen. Thus by diluting DMA prior to mixing with semen the impact of high 

initial osmolarity could be reduced and perhaps higher concentrations of DMA 

than 9% could be tolerated by emu sperm. 

 The outcomes with concentrations of DMA seem to be improved when a 

non-permeating cryoprotectant (such as trehalose) is added to the diluent for 

sperm for several mammalian species (Dalimata andGraham, 1997; Woelders et 

al., 1997; Gutiérrez-Pérez et al., 2009). Trehalose prevents membrane damage 

during freezing by reducing the transition phase temperature (Tm) (Leslie et al., 

1994b), thus increasing membrane fluidity (Koster et al., 2000) and conferring 

greater protection against freeze-thawing damage. For example, addition of 

trehalose (3.5–14.1% ) to the diluent achieved higher post thaw motility of goat 

sperm compared to the extenders that lacked trehalose (Aboagla and Terada, 

2003). However, many studies (Foote (1960), Squires et al., (2004) and 

Fernandez-Santos (2007)) provide evidence contradicting the effectiveness of 

trehalose. To date, no studies have assessed the utility of combining trehalose with 

DMA for improvement of survival of emu spermatozoa.  

The study presented here combines all of these concepts into a series of 

studies that test three hypothesis that sperm function of frozen-thawed emu sperm 

would be improved by: 1) freezing emu sperm at –140 °C rather than at –35 °C of 

liquid nitrogen vapour;; 2) combining trehalose with DMA in the base extender; 

3) increasing the DMA concentration beyond 9 %. 
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6.3 Material and methods 

In preparation for experimentation, liquid nitrogen was poured to 2.2 cm 

depth in a styrofoam box (39 x 32 x 29 cm) and the distance of the straw rack to 

the surface of liquid nitrogen was determined to consistently obtain temperatures 

of –35 °C and –140 °C. After liquid nitrogen was poured, the lid was closed for 

10 min and then a type T thermocouple (copper-constantan) with a thermometer 

(Omega model HH21 microprocessors/thermometer, Omega Engineering, Inc., 

Stamford, Conn., USA) was suspended in the nitrogen vapour and temperatures 

were measured every 5 min for 15 min; this was repeated three times. 

Temperatures of –35.0 ± 0.3 and –140.1 ± 0.3 °C were consistently observed at 

20.5 and 7.5 cm above the surface of the liquid nitrogen.  Furthermore, while an 

instantaneous decrease in temperature to approximately –78 °C was noted when 

the thermocouple was shifted from 20 °C (outside the box) to 7.5 cm above the 

surface of the liquid nitrogen (inside the box) the temperature fell instantaneously 

to –24 °C when the thermocouple was shifted to 20.5 cm above the surface.  

Due to unavailability of the flow cytometer at the time the Pearson’s product 

moment correlation was calculated between the estimates of sperm viability 

measured after staining with N-E (Eosin-Nigrosin stain) or with a triple 

fluorochrome combination stain YO-PRO-1 Merocyanine-540 (where YO-PRO is 

a membrane-impermeant nucleic acid stain while Merocyanine-540 is a 

membrane-impermeant fluorescent lipophilic dye) usually used for assessment of 

membrane stability [25]. There was a strong correlation (r = 0.87 for fresh sperm 

and r = 0.86 for frozen-thawed sperm) between the two tests. 
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6.3.1 Emus and semen collection  

The experiments were carried out in the second half of the emu breeding 

season (late July to early August (daylength: 9 h 53 min – 10 h 29 min) in both 

2009 and 2010. The emus were housed in outdoor yards in the Native Animal 

Facility, Shenton Park, The University of Western Australia. They were selected 

on the basis of meeting the following criteria: semen volume 0.35–1.25 mL; mass 

motility score (MMS) ≥3; sperm concentration ≥2 × 109 sperm/mL; sperm 

viability ≥85 % and ≤10 % abnormal cells in the semen sample. Semen was 

collected once a day on three alternate days, by ‘teaser’ or ‘non-teaser’ methods 

(Malecki et al., 1997) under approval of the Animal Ethics Committee (Approval 

No: RA/3/100/775).  

6.3.2 Semen extending, freezing and thawing 

The volume of ejaculates was measured using a 200-1000 µL pipette (Pipette 

PIPETMAN® P1000), sperm concentration was measured using a 

spectrophotometer, sperm motility (MMS) was estimated using phase-contrast 

microscopy (20X magnification) while viability assessed using N/E stain. All 

experiments were carried out after pooling individual semen samples to eliminate 

differences among individual males, so the sperm concentration in the samples in 

any experiment ranged from 2.2 - 2.46 x 109 sperm/mL. Irrespective of the 

treatment, the pooled ejaculates in every experiment were diluted using UWA-E4 

diluent (glucose 10 g/L; MgCl2.6H2O 0.37 g/L; K3Citrate.H2O 8.93 g/L; 

NaAcetate.3H2O 6.2 g/L; NaGlutamate.H2O 10.2 g/L) containing polyvinyl 

pyrrolidone (3 g/L) (freezing extender) and cooled in a refrigerator to 5 °C in 

approximately 7 min through Path 1 or Path 2 depending upon the experimental 
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design. Path 1 or Path 2 (Fig.1) differed only in their first step: Path 1 involved 

cooling of semen by holding it at room temperature (20 °C) and before dilution 

1:1 with 20 °C UWA-E4 freezing extender; Path 2 involved cooling of semen by 

holding it at room temperature (20 °C) but dilution 1:1 with 5 °C UWA-E4 

diluent. Once cooled to 5 °C the samples were treated with the cryoprotectants 

according to the experimental design. Thereafter 200 µL aliquots of treated semen 

were immediately loaded into 0.25 ml straws, sealed with glass beads and 

equilibrated at 5 °C for 5 min. After equilibration, the filled straws were laid 

horizontally on a tray above the surface of liquid nitrogen, so that they remained 

7.5 or 20.5 cm above the surface throughout the cooling depending upon the 

experiment. The straws cooled down to – 140 °C or – 35 °C in the vapour by 13 

min but were allowed to remain at these temperatures for another 2 min and they 

were then rapidly immersed in the liquid nitrogen. The procedure gave an overall 

cooling rate of approximately either ~ 11°C/min over the phase from 5 °C to – 

140 or a rate of ~ 3 °C/min over the phase from 5 °C to – 35°C. The straws were 

transferred to a liquid nitrogen container for storage. After storage for at least 

three days, the straws were thawed individually in an iced water bath at 5 °C for 

40 s and then evaluated for different sperm functions. 

6.3.3. In vitro tests of sperm function 

Sperm viability and morphology 

The percentages of viable and morphologically normal spermatozoa were 

estimated by staining aliquots of sperm suspension with eosin-nigrosin [nigrosin 

5% w/v; eosin 1 % w/v; diluted in buffer for N/E stain) prepared as described in 

an earlier study (Bakst and Cecil (1997)]. An aliquot of 3.5 µL sperm suspension 
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was mixed with 7 µL eosin-nigrosin solution and, after 2 min at room 

temperature, the mix was smeared and dried. It was observed under 100x oil 

objective on an Olympus BX60 microscope (Olympus Australia Pty. Ltd.) fitted 

with a digital camera and computer screen (Olympus DP 70, Olympus Australia 

Pty Ltd). Sperm viability and morphology were evaluated in the same slides by 

the same person and categorised as follows: live normal and live abnormal, total 

live (live normal + live abnormal) and dead (when the sperm were stained with 

eosin). A total of 300 sperm were evaluated on each slide; about 95 % of total 

abnormalities were bent sperm. 

Motility measurement by computer assisted semen analysis (CASA) 

We used a Hamilton Thorne Biosciences/IVOS Model 10 sperm analyser 

with Olympus software to process video material recorded in ‘avi’ format. The 

concentration of spermatozoa was adjusted to 17–20 x106 sperm/mL with 

Dulbecco’s Modified Eagle’s Medium (Sigma Chemicals Co., St. Louis, USA) 

containing 0.03 % BSA at 37 °C. For each sample, two slides (maintained at 37 

°C) were each filled with 7.5 µL diluted semen and three fields per slide were 

recorded for 10 s using a 10x phase contrast objective (Olympus Australia Pty. 

Ltd.) in conjunction with a digital camera (Olympus DP 71/25, Olympus Australia 

Pty Ltd). The instrument settings for CASA were as follows: frames acquired = 

45, frame rate = 60 Hz, minimum contrast = 25, minimum cell size = 11 pixels, 

minimum static contrast = 15, straightness (STR), threshold = 80.0 %, VAP cut 

off = 10.0 µm/s, cell size = 4 pixels, cell intensity = 80, static head size = 0.72 to 

8.80, static head intensity = 0.14 to 1.84, static elongation = 0 to 47, slow cells 

motile = NO, magnification = 1.89, video frequency = 60 frames/s, bright field = 
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NO and integrating time = 1 frame. The following motility characteristics were 

determined: percentage of motile sperm (PMOT), curvilinear velocity (VCL in 

µm/s, average velocity measured over the actual path), average path velocity 

(VAP in µm/s, velocity/average position of spermatozoa), progressive velocity 

(VSL in µm/s, straight-line distance between beginning and the end of the 

track/time elapsed), straightness coefficient (STR, [VSL/VAP] ×100); linearity 

(LIN, departure of the cell track from straight line [VSL/VCL ×100]).  

 

Density of holes on the perivitelline layer (PVL holes) (Sperm-Egg Interaction 

Assay) 

This test was carried out in vitro as described previously by Malecki et. al. 

(2005). Briefly, the yolk membrane taken within 3 days after oviposition, was 

exposed by removing the albumin above the yolk surface. A filter paper (50 x 75 

mm) with 18 holes (6 rows x 3 columns) was placed on the yolk membrane and 

the membrane cut along the edges of the filter paper and collected on a filter 

paper. The inner membrane was made yolk-free by thoroughly washing it with 

PBS. The filter paper bearing the membrane was then placed on a glass slide (50 x 

75) with the outer peri-vitelline layer of the membrane touching the glass, covered 

by a second filter paper with 18 holes in a similar pattern (3 rows x 3 columns). 

An 18-well µPVC plate with a similar pattern (3 rows x 3 columns) was placed on 

top of the second filter paper and all layers were held together by clips. This 

membrane assembly was filled with PBS, put in a Petri dish, placed in an 

incubator at 40 °C and used within 30 min of preparation. We placed 80 µL 

Dulbecco’s Modified Eagle’s Medium (DMEM) containing 20 x 106 sperm per 

treatment into each well and then put the whole assembly in a Petri dish and 
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incubated it for 12 min at 40 °C. The DMEM was then discarded, the wells were 

washed with PBS, the membrane in each well was fixed with 80 µL 10 % 

phosphate buffered formalin for 30 s and then stained with 80 µL Schiff’s reagent 

for 30 s. Finally, the wells were rinsed with PBS, the µPVC plate was removed 

and the membrane allowed to dry overnight at room temperature before the holes 

in the membrane were counted. Three fields (3.5 mm2/field) per well were 

counted using a light microscope under 10 x magnification and expressed as the 

number of holes/mm2. As a negative control, eggs were monitored after treatment 

as described above, without addition of sperm. 

 
Sperm viability and membrane stability (flow cytometric analysis) 

A total of six straws were thawed for each treatment and each straw assessed 

twice for the lipids architecture of the sperm membrane (or membrane stability) 

following loading with Merocyanine-540/YO-PRO staining (Peña et al., 2004) 

with some modifications. Briefly, 15 µL thawed semen (4.12–7.5 x 106 sperm was 

diluted (1:200) in E4 diluent and two tubes of every diluted sample (500 µl each) 

were loaded with 12.5 µL (25 nM) of the membrane-impermeant nucleic acid 

stain, YO-PRO-1 for sperm viability in combination with 30 µL (40 µM) of the 

membrane-impermeant fluorescent lipophilic dye, Merocyanine-540 (Molecular 

Probes, Eugene, OR, USA). The mixes were incubated in a water-bath at 37 °C 

for 30 min. The stained samples were then analysed by flow cytometry after 

validation of the cytometer for use with emu spermatozoa.  

In a preliminary experiment, we found Merocyanine-540 fluorescence to be 

high in fresh, untreated samples. Based on this result the sperm subpopulations 

that showed high fluorescence with Merocyanine-540 were considered to have 
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high degree of membrane lipids  order or high membrane stability, while slightly 

fluorescent sperm cells were considered to  have low degree of membrane lipids 

order or low membrane stability (Aboagla and Terada, 2003). 

 
 Flow cytometric analysis 

Following incubation with probes, the samples were passed through a 

FacsStar Plus flow cytometer (Becton Dickinson Immunochemistry Systems, San 

José, CA, USA) equipped with standard optics. An Ar ion laser (INNOVA 90, 

Coherent, Santa Clara, CA, USA), tuned at 488 nm wavelength and running at 

200 mW intensity excitation source, was used. Sperm were analysed at a rate 

between 800 and 1500/s, using PBS as fluid sheath and 30,000 events were 

recorded for each sample. 

Fluorescence data were collected in logarithmic mode while data for forward 

light scatter (FSC) and sideways light scatter (SSC) were collected in linear mode. 

Fluorescence of the YO-PRO-1 probe was measured using a 520 ±15 nm 

bandpass filter (fluorescence detector equipped with a photomultiplier tube). 

Merocyanine-540 emission was measured using a 575±15 nm bandpass filter. 

From each cell, FSC, SSC (orthogonal light scatter), FL1 (green fluorescence 

from YO-PRO-1) and FL2 (orange fluorescence from Merocyanine-540) were 

collected after compensation for spectral overlap, using Cellquest software 

(version 3.3, Becton Dickinson). A gate was applied in the FSC/SSC dot-plot to 

avoid counting of debris and to restrict analysis to spermatozoa, so a small 

percentage of events were lost. For the gated cells, three populations were 

identified and enumerated: high Merocyanine-540 fluorescence and YO-PRO-1 

negative – viable sperm with ‘high membrane stability’; low Merocyanine-540 
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fluorescence and YO-PRO negative – viable sperm with ‘low membrane 

stability’; YO-PRO-1 positive (regardless of their merocyanine staining) - non 

viable sperm. 

 
6.3.4 Sperm concentration  

Twenty microliters of semen was diluted with 7.98 mL of 10 % phosphate 

buffered formal saline and 1000 µL diluted sample was transferred to a cuvette. 

Absorbance was determined using a spectrophotometer (8001 UV-vis Metertech 

Inc., Taiwan) and sperm concentration was estimated from a previously 

established standard curve. 

 
6.3.5 Experimental design and data analysis:  

Each experiment was repeated three times on alternate days and four straws 

per treatment per day were thawed to assess sperm function; i.e. 12 straws per 

treatment per day. Six straws were evaluated for viability, morphology, motility 

and egg membrane penetration ability, with the motility evaluation duplicated by 

examining two different fields per slide. The remaining six straws were evaluated 

for membrane stability. Sperm viability and morphology were assessed before 

freezing and after thawing by N-E staining under a light microscope. Sperm 

viability after thawing was also evaluated in conjunction with assessment of 

membrane stability by staining with Yo-Pro-1 and Merocyanine-540 and then 

using a flow cytometer. The cells were classified as either viable or non-viable, as 

described below (in Section 6.3.3. for sperm viability and stability). 
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Experiment 1: Effect of liquid nitrogen vapour temperature on post-thaw survival 
and motility 

 Semen was collected from three males, aged 6–16 years and 400 µL of each 

ejaculate was pooled (i.e. three ejaculates per pooled sample). The pooled semen 

was divided into four equal parts with two parts cooled through Path 1 and the 

other two through Path 2 (Fig. 1). Thereafter, one part of then semen in each path 

was equilibrated with either 12 or 18 % DMA in diluent (final DMA 

concentration 6 or 9 % in the diluted semen and the final osmolarities being 1308 

and 1879 mOsm/L respectively) and frozen with initial temperatures of –35 or –

140 °C (Fig. 1). Thawed samples were analysed for sperm viability and motility.  

 
 Experiment 2: Effects of combining trehalose with DMA in the diluents 

 The data from Experiment 1 suggested that lower liquid nitrogen vapour 

temperature (–140 °C) using Path 2 was preferable so, for Experiment 2 and 3 we 

used Path 2 with the liquid nitrogen vapour temperature of –140 °C. Semen was 

collected from five males aged 3.5–16 y and 300 µL subsamples of individual 

ejaculates were pooled (i.e. five ejaculates per pooled sample). After holding for 

30 min at 5 °C, the diluted semen was divided into five equal parts and each part 

was then equilibrated with one of the treatment diluents: 6 % DMA + 6 % trehalos 

e, 12 % DMA + 12 % trehalose, 18 % DMA + 18 % trehalose, 12 % DMA , or 18 

% DMA. The final concentrations were therefore 3 % DMA + 3 % trehalose (374 

mOsm/L), 6 % DMA + 6 % trehalose (748  mOsm/L), 9 % DMA + 9 % trehalose 

(1122 mOsm/L),  6 % DMA (1143 mOsm/L) or 9 % DMA (1714  mOsm/L) (with 

an overall osmolarities of the samples being 325, 450, 574, 582 or 772 mOsm/L 

respectively). Before freezing (i.e. after loading the straws) and after freeze-thaw, 

samples were analysed for viability, motility variables (PMOT, VCL, VAP, VSL, 
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LIN and STR), fertilizing ability, membrane stability and morphology. The 

trehalose concentrations were chosen on the basis of observations (unpublished) 

of reduced emu sperm motility at concentrations ≈ 11 % (600 mOsm/L). 

 

 

 

Fig. IV-1 Schema showing four alternative protocols through two different processing 

paths and two different freezing temperatures with liquid nitrogen vapour in a styrofoam 

box. 
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Experiment 3:  Optimizing DMA concentration to further improve post- thaw 
survival of emu sperm. 

Semen aliquots of 300 µL from each of five males aged 3.5–16 y were pooled 

(i.e. five ejaculates per pooled sample) and processed in the same manner as in 

Experiment 2, but the diluted sample was divided into 5 equal parts and each part 

equilibrated with 12, 18, 24, 36 or 48 % DMA in the diluent (final DMA 

concentrations 6 , 9, 12, 18 or 24 %, with osmolarities of  1143, 1714, 2286, 3429 

or  4572  mOsm/l respectively and the overall  osmolarities of samples being 582, 

772, 962, 1344 or 1724 mOsm/L respectively), and then frozen and thawed. 

Before freezing (i.e. after loading the straws) and after thawing, we measured 

sperm viability, motility variables (PMOT, VCL, VAP, VSL, LIN and STR), 

fertilizing ability, membrane stability and changes in morphology. 

 

6.3.6 Statistical analyses 

Factorial designs were used for all experiments and every experiment was 

repeated 3 times. Data were converted into proportions, arcsine transformed and 

analysed using ANOVA (JMP IN, 5.1.2; SAS Institute Inc., USA) for Experiment 

1 and a linear mixed model (JMP IN, 5.1.2; SAS Institute Inc., USA) for both 

other experiments. When significant differences (α = 0.05) were detected among 

treatments, Student’s test (Experiment 1) or Tukey’s Honestly Significant 

Difference Procedure (Experiments 2 and 3) were used for pair-wise comparisons. 

Results are presented as means ± S.E., and probability values of P < 0.05 are 

considered significant. In Experiment 3, Pearson product moment correlation was 

calculated: 1) to evaluate the relationship between the percentage of DMA and 
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percentage of frozen-thawed viable sperm; and 2) between the different in vitro 

sperm function tests before freezing and after thawing. 

 

6.4 Results 

Experiment 1: Effect of initial freezing emu temperature on post thaw survival and 
motility 

Overall, the percentage of live sperm was higher after freezing at –140 °C 

(35.3 ± 0.6) than at –35 °C (27.3 ± 0.6; P < 0.001), higher with 9% DMA (35.7 ± 

0.6) than with 6% DMA (26.8 ± 0.6; P < 0.001), and higher using Path 2 (33.9 ± 

0.6) than Path 1 (28.7 ± 0.6; P < 0.001). There were significant (P < 0.001) 

interactions between Path, DMA% and liquid nitrogen vapour temperature for 

post-thaw percentages of live, normal and motile sperm, and the best outcome was 

observed with the combination of Path 2, 9% DMA and –140 °C (Table IV-1).  

Table IV-1. Percentages (mean ± SEM) of live, normal and motile sperm, estimated 

by CASA, after initial freezing at –140 or  –35 °C via Path 1 or Path 2, with either 6 or 

9% DMA in the diluent.  

Temperature Path % DMA % Live % Normal % Motile 

–140 °C 1 6 23.6 ± 1.1d 19.5 ± 1.3d 18.7 ± 1.3abc 

–140 °C 1 9 36.6 ± 1.1b 33.0 ± 1.3b 14.6 ± 1.3bc 

–140 °C 2 6 38.0 ± 1.1b 34.3 ± 1.3b 20.3 ± 1.3bc 

–140 °C 2 9 42.8 ± 1.1a 39.0 ± 1.3a 29.8 ± 1.3a 

–35 °C 1 6 24.8 ± 1.1d 20.2 ± 1.3d 16.3 ± 1.3c 

–35 °C 1 9 29.6 ± 1.1c 26.4 ± 1.3c 25.8 ± 1.3ab 

–35 °C 2 6 21.7 ± 1.1d 16.7 ± 1.3d 17.4 ± 1.3bc 

–35 °C 2 9 33.8 ± 1.1bc 29.8 ± 1.3d 21.5 ± 1.3abc 

a – d -Within a column means without a common superscript differed: P<0.001 for the 
percentages of live and normal sperm; P < 0.05 for percentage motile sperm. 

 



 

 

221 

 

Conversely, the motility variables (VAP, VSL,VCL) did not differ 

significantly amongst the interactions and the individual treatments. 

The 3-way interaction of Path x DMA Percentage x Temperature was 

significant so other interactions (Path x DMA Percentage; Temperature x DMA 

Percentage; Path x Temperature) are not reported. 

 
Experiment 2: Effects of combining trehalose with DMA in the diluent. 

 
Before freezing, there were no differences in the percentages of live or 

normal sperm, or in number of PVL holes, with DMA either alone or in 

combination with trehalose (Table IV-2). However, the percentage of motile 

sperm before freezing was higher when trehalose was absent at both 

concentrations of DMA (Table IV-2).  

After thawing, the percentages of live, normal and motile sperm and egg 

membrane penetration ability, were all highest with 9 % DMA alone (Table IV-2). 

Differences for the other CASA motility variables (VSL, VCL, LIN, STR,VAP) 

were not significant for any of the treatments (Table IV-3). 

Post-thaw, the percentages of live and dead sperm (assessed by NE staining) 

and assessments of membrane stability for viable and non-viable sperm did not 

differ significantly across all treatments. The overall mean values were 25.9 ± 1.6 

for live and 74.1 ± 1.3 for dead sperm, 25.9 ± 1.9 for viable high merocyanine 

(high stability), 0.03 ± 0.0 for viable low merocyanine (low stability), 73.9 ± 1.3 

for non-viable sperm.  
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Table IV-2. Percentages of live and normal sperm (assessed by NE staining), percentage of motile 

sperm (estimated by CASA) and sperm egg membrane penetration ability (holes/mm2), before 

freezing and after thawing, with 6 or 9% DMA plus 0, 3, 6 or 9% trehalose in the diluent. All 

values are mean ± SEM. 

 Cryoprotectant % Live % Normal % Motile 

Egg 

membrane 

penetration 

ability  

Before 

freezing 

6 % DMA 86.5 ± 1.2a 81.1 ± 1.3a 70.0 ± 3.3ab 64.5 ± 1.9a 

9% DMA 87.2 ± 1.2a 82.0 ± 1.3a 76.9 ± 3.3a 69.9 ± 1.9a 

3% DMA + 3% Trehalose 86.5 ± 1.2a 82.2 ± 1.3a 63.3 ± 3.3b 68.9 ± 1.9a 

6% DMA + 6% Trehalose 86.5 ± 1.2a 82.4 ± 1.3a 45.4 ± 3.3c 66.8 ± 1.9a 

9% DMA + 9% Trehalose 86.3 ± 1.2a 82.8 ± 1.3a 41.0 ± 3.3c 66.7 ± 1.9a 

After 

thawing 

6 % DMA 23.8 ± 1.2d 19.3 ± 1.3d 17.5 ± 2.4e 21.6 ± 1.9c 

9% DMA 35.7 ± 1.2b 32.6 ± 1.3b 28.2 ± 2.4d 34.6 ± 1.9b 

3% DMA + 3% Trehalose 26.8 ± 1.2d 22.4 ± 1.3d 14.5 ± 2.5e 5.9 ± 1.9d 

6% DMA + 6% Trehalose 30.3 ± 1.2c 27.9± 1.3c 15.4 ± 2.5e 7.7 ± 1.9d 

9% DMA + 9% Trehalose 30.7 ± 1.2c 26.7 ± 1.3c 11.3 ± 2.7e 8.4 ± 1.9d 

a – d -Within a column means without a common superscript differed (P<0.001)
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Table IV-3.Straightlinear (VSL), Curvilinear (VCL) and Average path (VAP) velocities (µm/s), and linearity index (LIN = VSL/VCL ×100) and straightness coefficient (STR = 
VSL/VAP ×100) for emu sperm movement, before freezing and after thawing, with 6 or 9% DMA plus 0, 3, 6 or 9% trehalose in the diluent. All values are mean ± SEM.  

 Cryoprotectant VSL VCL  VAP LIN  STR 

Before 
freezing 

6 % DMA 35.8 ± 4.1a 119.5 ± 10.6a 46.1 ± 4.7a 30.0 ± 4.8b 77.7 ± 4.3c 

9% DMA 37.8 ± 4.1a 122.3 ± 10.6a 49.2 ± 4.7a 30.9 ± 6.3b 76.9 ± 5.9c 

3% DMA + 3% Trehalose 38.8 ± 4.1a 121.0 ± 10.6a 49.1 ± 4.7a 32.1 ± 6.5b 79.1 ± 6.2c 

6 DMA + 6% Trehalose 35.8 ± 4.1abc 112.0 ± 10.6a 45.4 ± 3.3ab 32.0 ± 5.5b 90.0 ± 4.8b 

9 DMA + 9% Trehalose 37.8 ± 4.1abc 109.6 ± 10.6a 39.0 ± 4.7ab 34.5 ± 6.3a 97.2 ± 5.5a 

After 
thawing 

6 % DMA 35.8 ± 4.1ab 108.1 ± 7.7a 43.8 ± 3.5a 33.2 ± 5.2a 81.8 ± 5.3c 

9% DMA 34.5 ± 3.0a 121.1 ± 7.7a 45.7 ± 3.5a 28.5 ± 4.8bc 75.5 ± 4.2c 

3% DMA + 3% Trehalose 21.8 ± 3.0c 103.7 ± 8.0a 31.6 ± 3.6b 21.0 ± 5.9e 69.0 ± 5.8d 

6% DMA + 6% Trehalose 31.7 ± 3.0ab 109.4 ± 8.0a 41.2 ± 3.6ab 29.0 ± 6.3bc 76.9 ± 4.3c 

9 %DMA + 9% Trehalose 24.1 ± 3.3bc 98.6 ± 8.5a 32.1 ± 3.8b 24.5 ± 7.2d 75.1 ± 6.5c 

a – e - Within a column means without a common superscript differed (P<0.001). 
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Experiment 3: Optimum concentration of DMA  

 

Before freezing, the percentages of live, normal and motile sperm, and the 

number of PVL holes, did not differ significantly amongst any of the DMA 

concentrations (Table IV-4). After thawing, the percentages of live and normal 

sperm were higher with 18 and 24 % DMA than with other concentrations (Table 

IV-4). 

 
Table IV-4. Percentages of live and normal sperm (assessed by NE staining), percentage of motile 

sperm (estimated by CASA) and sperm egg membrane penetration ability (holes/mm2), before 

freezing and after thawing, with 6 -24% DMA in the diluent. All values are mean ± SEM. 

 

 

% DMA  % Live % Normal  % Motile 

Egg membrane 

penetration ability 

Before 

freezing 

6  85.7 ± 2.3a 79.6 ± 1.7b 65.9 ± 2.9a 110.6 ± 12.0a 

9 86.3 ± 2.3a 81.4 ± 1.7a 69.4 ± 2.9a 107.7 ± 12.0a 

12 85.9 ± 2.3a 80.9 ± 1.7ab 71.5 ± 2.9a 111.0 ± 12.0a 

18  86.5 ± 2.3a 81.7 ± 1.7a 70.8 ± 2.9a 110.2 ± 12.0a 

24 86.5 ± 2.3a 81.0 ± 1.7ab 68.2 ± 2.9a 110.5 ± 12.0a 

After 

thawing 

6  28.3 ± 2.3d 23.9 ± 1.7c 21.7 ± 2.9d 15.0 ± 12.0c 

9 40.6 ± 2.3c 36.6 ± 1.7b 36.1 ± 2.9bc 35.8 ± 12.0bc 

12 42.9 ± 2.3c 39.0 ± 1.7b 35.5 ± 2.9bc 47.2 ± 12.0bc 

18  54.6 ± 2.3b 51.0 ± 1.7a 43.1 ± 2.9b 54.7 ± 12.0b 

24 52.1 ± 2.3b 48.4 ± 1.7a 29.4 ± 2.9cd 18.2 ± 12.0c 

a – e - Within a column means without a common superscript differed (P<0.05). 

 

The percentages of motile sperm and number of PVL holes were higher with 

18 % than with 24 % DMA (Table IV-4; P<0.05), but did not differ significantly 

for 9, 12 and 18 % DMA (Table IV-4). 
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The means for motility parameters were different for ‘before freezing’ and 

‘after thawing’ (Table IV-5). The VSL, VCL, LIN, STR means  were higher (P < 

0.05) before freezing with DMA concentrations above 9 % and did not differ 

significantly amongst DMA concentrations 12–24 % while the values for VSL did 

not differ significantly for 12 – 24 % DMA (Table IV-5). After thawing the VSL, 

VCL, LIN, STR, VAP means were not significantly affected by DMA 

concentration (Table IV-5). 

Table IV-5. Straightlinear (VSL), Curvilinear (VCL) and Average path (VAP) velocities (µm/s), 

and linearity index (LIN = VSL/VCL ×100) and straightness coefficient (STR = VSL/VAP ×100) 

for emu sperm movement, before freezing and after thawing, with 6–24% DMA in the diluent. All 

values are mean ± SEM. 

 
 % DMA  VSL VCL  VAP LIN  STR 

Before 

freezing 

6 33.6 ± 1.5e 121.1 ± 2.7c-e 45.9 ± 1.6de 27.7 ± 1.0de 73.1 ± 1.3b-d 

9 37.9 ± 1.5cd 124.7 ± 2.7b-d 49.4 ± 1.6cd 30.1 ± 1.0b-d 76.7 ± 1.3ab 

12 40.0 ± 1.5bc 128.6 ± 2.7a-c 52.9 ± 1.6bc 31.0 ± 1.0a-c 75.5 ± 1.3a-d 

18 45.7 ± 1.5ab 134.4 ± 2.7a 58.7 ± 1.6a 33.8 ± 1.0a 77.6 ± 1.3a 

24 42.1 ± 1.5ab 131.7 ± 2.7ab 55.0 ± 1.6ab 31.7 ± 1.0ab 76.2 ± 1.3a-c 

After 

thawing 

6 32.8 ± 1.5e 118.9 ± 2.7de 45.9 ± 1.6de 28.3 ± 1.0c-e 72.0 ± 1.3d 

9 34.0 ± 1.5de 116.8 ± 2.7e 46.4 ± 1.6de 29.2 ± 1.0b-e 73.2 ± 1.3b-d 

12 32.9 ± 1.5de 119.2 ± 2.7de 46.5 ± 1.6de 28.6 ± 1.0c-e 72.9 ± 1.3cd 

18 33.5 ± 1.5e 118.3 ± 2.7de 46.0 ± 1.6de 28.3 ± 1.0c-e 72.8 ± 1.3cd 

24 32.0 ± 1.5e 122.2 ± 2.7c-e 44.4 ± 1.6e 26.3 ± 1.0e 72.0 ± 1.3d 

a – e -Within a column means without a common superscript differed (P<0.05). 

 
 The percentages of live sperm with high membrane stability (i.e. viable high 

merocyanine sperm, Table IV- 6) were higher with 18 % DMA than with all other 

treatments.  
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Table IV-6. Percentages (mean ± SEM) of post-thaw viable sperm with membrane stability and 

non viable sperm after freezing with 6–24% DMA. High Merocyanine-540 fluorescence and YO-

PRO-1 negative – viable sperm with ‘high membrane stability’; low Merocyanine-540 

fluorescence and YO-PRO negative – viable sperm with ‘low membrane stability’; YO-PRO-1 

positive (regardless of their Merocyanine-540 staining) - non viable sperm. 
 

% DMA 

Viable 

High Merocyanine 

Viable 

Low Merocyanine Non-viable 

6 21.5 ± 2.3d 0.04 ± 0.01a 78.5 ± 2.3a 

9 35.1 ± 2.3c 0.04 ± 0.01a 64.9 ± 2.3b 

12 36.9 ± 2.3c 0.05 ± 0.01a 63.1 ± 2.3b 

18 56.0 ± 2.3a 0.04 ± 0.01a 44.0 ± 2.3d 

24 46.5 ± 2.3b 0.03 ± 0.01a 53.6 ± 2.3c 

 a – d-- Within a column means without a common superscript differed (P<0.001).  
 

 
 

Table IV-7. Correlation between different in vitro sperm functions before freezing and after 

thawing during cryopreservation with 6 – 24 % DMA 

Before freezing  After thawing 

 PVN PMOT FA   PVN PMOT FA 
STABILIT

Y 

LIVE 0.900** 0.377* 0.318  LIVE  0.999** 0.587** 0.326 0.866** 

PVN  0.510** 0.221  PVN  0.583** 0.330 0.868** 

PMOT   0.120  PMOT   0.644** 0.698** 

     FA    0.446* 

PMOT, percentage of motile spermatozoa; LIVE, live; FA, egg membrane penetration ability; 

PVN, percentage of viable sperm with normal morphology; STABILITY, stability (Viable cells 

with High Merocyanine).  

* P < 0.05   ** P < 0.01. Values without an asterisk were non significant (P>0.05) 

 

 
The correlation between any of the measures of sperm function i.e. viability, 

motility, and egg membrane penetration ability before freezing was positive but 

weak (r = 0.3, Table IV-7). Similarly, after thawing, egg membrane penetration 
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ability was not correlated with any of these measures or with membrane stability 

(r = 0.1 – 0.4, Table IV-7).  

 

 
Fig.2 The relationships between concentration of DMA in the diluent and post-thaw sperm 
viability (r = 0.82) and post-thaw sperm membrane stability (r = 0.74).  

However, after thawing there was a strong correlation between %DMA with 

both % viable sperm (Fig. 2, Table IV-7) and sperm with high membrane stability 

(Fig. 2, Table IV-7). For both measures of sperm function, the scatter plots (Fig. 

2) suggest a linear relationship from 6 to 18 % DMA followed by a plateau from 

18 to 24 % DMA. Conversely the correlation between %DMA was weak with % 

motile sperm (r = 0.2, Table IV-7) and very weak with number of PVL holes (r = 

0.01, Table IV-7).  
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The interaction between concentration of DMA and the stage of 

cryopreservation (i.e. before freezing and after thawing) was significant with 

fewer live and normal sperm (P<0.001) and lower average path velocity (VAP; 

P<0.001), straight line velocity (VSL; P<0.05) and linearity (LIN; P<0.05) after 

thawing than before freezing, but for egg membrane penetration ability, 

curvilinear velocity (VCL) or straightness (STR) the means did not differ 

significantly amongst the two stages of cryopreservation (P>0.05). 

 

6.5 Discussion 

We have significantly improved the survival of emu sperm during 

cryopreservation by using lower liquid nitrogen vapour temperatures and 

increasing the DMA concentration to 18 %. Conversely, our study does not 

support the hypothesis that post-thaw sperm functions are improved by adding 

trehalose (3 – 9%) to a base extender containing DMA. 

 
Use of higher   liquid nitrogen vapour temperature (i.e. – 35 °C) did not 

improve emu sperm survival which on the contrary was 8% better with lower 

liquid nitrogen vapour temperature (i.e. – 140 °C). This outcome agrees with the 

literature and is likely explained by a reduction in the duration of exposure of the 

spermatozoa to the critical temperature range of –15 to –60 °C where they are 

known to experience maximum damage (Mazur, 1984; Mazur et al., 1996). This is 

coherent with our observation that placement of straws at –140 °C instantaneously 

reduces straw temperature to about –78 °C, rather than –24 °C when they were 

placed at –35 °C stressing the importance of initial freezing temperature (i.e liquid 

nitrogen vapour temperature ) as an important factor in sperm survival after 
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cryopreservation. Interestingly, although the post-thaw survival of emu sperm was 

better at – 140 °C compared to – 35 °C, the percentage of motile sperm remained 

unaffected but still the lower liquid nitrogen vapour temperature should 

nevertheless be adopted in protocols for cryopreservation of emu sperm. Survival 

can be further improved by adoption of Path 2 rather than Path 1, so that semen is 

initially cooled by dilution with a chilled diluent. Although requiring further 

testing, higher sperm survival with Path 2 between ambient temperature and +5 

°C indicates that abrupt cooling (a high cooling rate) with Path 2, as opposed to 

slow cooling (a low cooling rate) with Path 1, possibly avoids exposure to or 

reduces of the time of exposure to the critical temperature zone (2 – 12 °C) where 

sperm, across species, experience the maximum damage (‘cold shock’)[31]. This 

observation also highlights the fact that slow cooling rates, utilized in general for 

cooling semen down to +5 °C in mammalian species [32, 33] are unlikely to yield 

optimal results in other species.  

 
Combining trehalose with DMA before freezing did not improve post-thaw 

sperm function. There was no improvement in membrane stability suggesting that 

the concentrations of trehalose (3-9 %) that we used were probably too low 

although trehalose concentrations ranging from 3.44 – 9.45 % have been shown to 

improve post thaw sperm survival in buck (rabbit), boar and bull [14, 15, 17]. 

Significantly higher levels of membrane stability with 14 % than 3–11 % 

trehalose and higher levels of post-thaw function with 11–14 % compared to 3–7 

% trehalose in goat sperm [20] suggest investigating higher concentrations of 

trehalose for improvement of post thaw sperm functions in emus. Conversely, the 

post-thaw viability, motility and egg membrane penetration ability of emu sperm 
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were worse with DMA plus trehalose than with DMA alone, suggesting that in 

this species the combination of trehalose and DMA is ineffective regardless of the 

trehalose concentration. Although the effects of combining higher concentrations 

of trehalose with DMA on post thaw emu sperm functions remain to be seen this 

conclusion generally agrees with studies on turkey and crane sperm in which 5 % 

trehalose was added to a DMA extender (Blanco et al., 2011). In fact, variation 

among species in the response to trehalose is quite unpredictable – as in birds 

(Blanco et al., 2011), the literature on mammalian sperm contains reports of 

improvement for the stallion and goat buck (Aboagla and Terada, 2003; Squires et 

al., 2004) and failure in the bull, stallion and Iberian red deer (Foote, 1960; 

Squires et al., 2004; Fernández-Santos et al., 2007).  

 
With respect to DMA alone, in all of the present experiments, emu sperm 

survival increased as DMA concentration increased, as we have observed 

previously with DMA concentrations from 6 % to 9 (Malecki and Martin 2000). 

We have extended the range of maximum concentration to 18 % after which there 

is no advantage and perhaps even a disadvantage with respect to membrane 

stability. Moreover, the manner of addition of DMA seems to be important: the 

concentration of cryoprotectant needed to confer better post-thaw sperm survival 

can be increased if it is mixed with a diluent prior to its addition to semen. These 

results also agree with the study where DMA was added to the diluent before 

diluting turkey and crane sperm and better survival with 18-26 % was achieved 

than with 6-10 % DMA, although sperm fertilising ability was not measured 

(Blanco et al., 2011). Overall, it is clear that there is value in working to optimize 

the concentration of DMA in the diluent. 
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A combination of membrane fluidity (FLUID), percentage viable normal 

cells (PVN) and mass motility (MMOT) tests for fresh semen has been suggested 

to best predict the success of chicken semen cryopreservation as measured by egg 

fertility after artificial insemination (Blesbois et al., 2008). The correlations 

between those tests were significant for fresh semen but they were not after 

assessment of frozen-thawed semen. In relation of fertility after artificial 

insemination only PVN showed significant correlation. In our study, different in 

vitro quality tests (LIVE, PVN and PMOT) were significantly correlated not only 

before freezing but showed a strong positive correlation even after freezing. This 

observation in general agrees with a similar trend in correlation for MMOT and 

PVN in both fresh and frozen-thawed  chicken semen (Blesbois et al., 2008). The 

in vitro quality tests strongly correlated with membrane stability in frozen thawed 

emu semen, a finding contrary to that for frozen thawed chicken semen where the 

same sperm functions tests did not show a significant correlation. This difference 

in the outcome may be due to the method used for assessing membrane stability. 

Furthermore, we found positive correlations between every test of sperm function 

and number of PVL holes, but they were not significant for fresh semen. After 

thawing we found correlation between number of PVL holes (FA), percentage of 

motile sperm (PMOT) and viable sperm with high membrane stability 

(STABILITY) significant, functions measured in the same proportion of surviving 

sperm, suggesting that proportion of sperm potentially has high fertilizing ability 

in vivo. The predictive value of our in vitro sperm function tests for in vivo 

fertility in the emu will be determined in future studies. 
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A wide variation in the level of correlation between % DMA with different 

tests for sperm functions in frozen thawed emu sperm: strong for membrane 

stability and viability, weak for motility and a very weak for egg membrane 

penetration ability, suggests that the susceptibility of the emu sperm plasma 

membrane varies with its domain, with the acrosome and mitochondrial 

membrane domains being are more susceptible to freeze-thaw damage compared 

to the other domains. We interpret this with caution, however, because the 

standard errors were large, suggesting a problem with repeatability. Alternatively, 

it appears that measurements of post-thaw motility and egg membrane penetration 

ability require more sensitive assays than those used in our study in order to 

determine differences between DMA concentrations of 9, 12 and 18 %. One 

option might be the measurement of ATP loss and changes in sperm surface 

carbohydrates, a hypothesis that is coherent with these measurements to be 

responsible for motility and acrosome reaction (Long, 2006; Pelaez et al., 2011).  

 
In conclusion, the cryopreservation protocols for emu sperm still need 

improvement, particularly with respect post-thaw sperm motility and fertilizing 

ability. Nevertheless, we have made major advances by showing that: 1) a liquid 

nitrogen vapour temperature of –140 °C is better than –35 °C for frozen-thawed 

emu sperm; 2) there seems to be little value in combining trehalose (3 – 9%) with 

DMA in the base extender; 3) if DMA is mixed with the diluent prior to semen 

dilution, then 18 % DMA probably confers the optimum levels of survival, 

stability and morphology in frozen-thawed emu sperm and offers the potential for 

achieving good outcomes for motility and egg membrane penetration ability. This 

study has significant practical implications by indicating a path to a cheap and 
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practical method that can be used under field conditions for freezing of emu 

sperm. Our new insights could also be extended, with some modifications, to 

other domestic and wild species that require semen conservation for transportation 

and artificial insemination across national and international boundaries. 
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Chapter 7: General Discussion 

The general hypothesis driving the work in this thesis was that the welfare of 

sperm cells can be improved by paying attention to the physical and chemical 

environment during storage and freezing protocols, with a focus on optimising: 1) 

the dilution and semen handling procedures, 2) the properties of the extender and 

the cryoprotectant; and 3) the micro-environment for the sperm cells. The ambient 

temperature at collection had no effect on the outcome after storage, but the sperm 

cells retained their quality for longer after optimisation of temperature (for storage, 

chilling and freezing) and the composition of the diluent (type and concentration of 

cryoprotectant). This has led to a significant advance over the outcomes of 

preliminary investigations (Malecki and Martin, 2000, 2005). 

 

7.1 Physical Factors 

7.1.1 Collection temperature 

Semen collection in emus is carried out without any insulation in collection 

vessels that are directly exposed to the environmental temperatures in the range of 0 

to 20 °C (Malecki, I and Martin, G pers. comm.). These temperatures are typical of 

the ambient tempeature during the emu breeding season when semen is collected 

(Malecki et al., 1997). We thus started with the idea that exposure to sub-

physiological temperaturesmay cause ‘chilling injury’ to sperm (Watson and 

Morris, 1987). However, the findings did not support this hypothesis because emu 

spermatozoa were very tolerant to low collection temperatures. The tolerance may 

be attributed to three factors: i) the high percentage of unsaturated fatty acids that 

have been reported in emu sperm (Malecki and Martin, 2000); ii) only the 
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peripheral semen in the collection vessel is exposed to the sudden temperature 

change, so only a small percentage of sperm cells are damaged; iii) the plastic vials 

used for semen collection provide adequate insulation and thus minimize the 

cooling. This finding is of practical importance because we have determined that 

precautions against chilling injury are not necessary in the normal semen collection 

environment.  

7.1.2 Storage temperature 

During post-collection storage, sperm quality was strongly influenced by the 

temperature and duration of storage, with adverse outcomes particularly evident 

after 6 h at 20 °C. Thus, cooler temperatures are needed – the metabolic rate of the 

sperm cells halves for every 10 °C decrease in storage temperature (Hammerstedt 

and Andrews, 1997a) and so lower temperatures allow better preservation of sperm 

function (Clarke et al., 1982). Going by this rule, we expected the sperm quality to 

be higher at 5 °C than at 10 or 20 °C after 48 h of storage, but it was better at 10 °C 

than at 5 or 20 °C. Bent-neck sperm were more common with storage at 5 than at 

10 °C, suggesting that reducing storage temperatures beyond certain limits 

compromises sperm morphology outweighing any benefit from a reduction in 

metabolic rate. The greater loss of sperm functionality at 20 °C compared to 5 and 

10 °C can be attributed to the higher levels of bacteriospermia, that were 

significantly higher at 20 than at 5 and 10 °C. Bacteriospermia affects sperm 

adversely by inducing peroxidative damage, sperm DNA fragmentation, a reduction 

in intracellular ATP ([ATP]i), and a decrease in semen pH (de Lamirande and 

Gagnon, 1992; Ochsendorf, 1999; Althouse et al., 2000; Fraczek et al., 2007; 

González-Marín et al., 2011).The ultimate result is loss of sperm motility and 

fertility (Aitken et al., 1989) and finally apoptosis (Villegas et al., 2005). At this 
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stage, we conclude that the optimal temperature for storage for 48 h in Diluent E3 

is 10 °C. This will allow us to avoid using antibiotics for storage of emu sperm for 

48 h as the level of bacteriospermia on storage at 10 °C was minimal. 

 
Semen Cooling  

Cooling semen to 5 °C before equilibration with cryoprotectants is an 

important step in any semen freezing protocol, can induce chilling injury to sperm 

and thus predispose them to loss of functions. The studies in this thesis show that 

cooling semen by diluting it 1:1 with a diluent pre-cooled to 5 °C prevented loss of 

sperm functions.This outcome agreed with our unpublished findings of no adverse 

effect on spermatozoa of a variety of galliformes and gruiformes species. However 

this outcome was in contrast to the earlier chilling protocol for emu semen that 

resulted in a considerable loss of  sperm viability and fertilizing ability (Malecki 

and Martin, 2005). Chilling protocol adopted in this study appears to have avoided 

the problem by providing much faster cooling rates ( ≥ 360 °C/min) compared to 

our earlier protocol (1 – 100 °C/min). By adopting the new chilling protocol, we 

can ensurea higher percentage of functional sperm will be available for freezing and 

thus a higher percentage survival in frozen thawed emu sperm.  

 

7.1.3 Initial freezing temperature 

The initial freezing temperature is an important determinant of a good 

cryopreservation outcome (Watson and Martin, 1974). Although a broad range of 

temperatures (–20 to –140 °C) has been used for a cryopreservation of a variety of 

avian sperm (Bakst, 1979; Lake, 1981b; Sexton, 1981; Samour and Samour, 1988; 

Brock and Bird, 1991; Gee et al., 1993; Seigneurin and Blesbois, 1995; Tselutin et 

al., 1995; Lukaszewicz, 2002; Sontakke et al., 2004; Han, 2005; Blesbois, 2007b) 
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but no direct study has been carried out to compare the low and high freezing 

temperatures. We directly compared sperm survival at liquid nitrogen vapour 

temperature of – 140 °C with – 35 °C in a styrofoam box and obtained a better 

outcome at –140 °C than at –35 °C. This is possibly because we reduce (or avoid) 

the duration of exposure of emu spermatozoa to the critical temperature range of –

15 to –60 °C, the critical temperature range in which spermatozoa are known to 

experience maximum damage during cryopreservation (Mazur, 1984; Mazur et al., 

1996). This finding will lead to a cheap, practical a method, easy to replicate under 

filed conditions, for freezing of emu sperm without the need for automated 

programmable freezers. 

 

7.2 Chemical factors 

7.2.1 Extracellular potassium concentrations 

Amongst various ions in the storage medium, Potassium, an important ion, and 

its concentrations play a major role in regulating (inhibition/initiation) sperm 

motility in different species. A dose dependent response on inhibition or initiation 

of sperm motility has been confirmed in trout spermatozoa (Boitano and Omoto, 

1991) and in rat sperm (Wong and Lee, 1983). High [K+]o, have been found to 

inhibit sperm motility in fishes (Tanimoto et al., 1994) while a decrease or absence 

of [K+]o in the medium has been associated with initiation motility in fish 

spermatozoa (Morisawa and Suzuki, 1980). We started with the premise that 

increasing the extracellular [K+] in the diluent to the point where it does not 

adversely affect sperm function can reduce sperm metabolic activity and thus 

extend sperm survival during in vitro storage. This concept has been of significant 

interest in various species, including the rat, sea urchin and salmonid fishes with the 



 

 

242 

 

effects varying significantly not only amongst species but also with the storage 

temperature within the same species (Wong and Lee, 1983; Garcia-Soto, 1987; 

Boitano and Omoto, 1991; Tanimoto et al., 1994). We therefore tested the 

potassium hypothesis at different storage temperatures. 

The E3 diluent has 17.85 mMol/L of [K+] so we tested concentrations up to 80 

mMol/L. We were able to extend in vitro storage to 48 h, with minimal loss in 

sperm viability and morphology (~10%) and without affecting sperm motility and 

Egg membrane penetration ability, with upto 40 mMol/L potassium (thus creating 

an E3+K diluent ). This was probably due to a temporary reduction of motility that 

led to reduction in metabolic activity of spermatozoa. Sperm function could be 

maintained at temperatures 5–20 °C but preservation after 24 and 48 h was better at 

10°C than at 5 or 20°C. The disruption of sperm morphology at 5 °C was greater 

than at 10 °C suggesting that emu sperm become susceptible to mechanical damage 

on exposure to low temperatures (Morris and Clarke, 1987). There was less 

disruption of sperm morphology with the E3+K diluent compared to the E3 diluent, 

perhaps due to the higher osmolarity (360 versus 264 mOsm/L). There is enough 

evidence to support this notion as avian sperm (chicken, turkey) stored in hypo-

osmotic media at 5 °C are susceptible to increased bending (Van Wambeke 1977; 

Clarke et al., 1984; Siudzinska and Lukaszewicz 2008). We can thus conclude that 

supra-physiological concentrations of potassium in the diluent (40 mMol/L) help to 

preserve sperm function for 48 h, with the best outcome being with storage at 10 °C 

rather than 5 or 20 °C. This outcome is important because sperm bending is a basic 

indicator of in vivo fertility (Donoghue and Wishart, 2000) so preventing it during 

storage will have a bearing on the selection of storage temperature and diluents. 
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7.2.2 Dimethylacetamide (DMA) 

Use of DMA as a cryoprotectant has been validated both for avian (e.g. fowl, 

turkey, quail, raptors and goose) and mammalian e.g. (kangaroos, pigs, horses) 

sperm ( Brock and Bird, 1991; Chalah et al., 1999; Tselutin et al., 1999; Tai et al., 

2001; Lukaszewicz, 2002; Squires et al., 2004; Blanco et al., 2008 and McClean et 

al., 2008). Before this study, the potential problems (hyperosmotic or toxic) with 

DMA as a cryoprotectant during cryopreservation of emu spermatozoa were 

unclear. We began by determining the osmotic effects of DMA, then investigated 

the timing and nature of its toxicity, and thereafter tested whether combining it with 

trehalose would benefit post-thaw function and, finally, determined the optimum 

DMA concentration for maximum post-thaw survival. 

Dilution (1:1) of spermatozoa with DMA disrupted sperm morphology but did 

not affect viability or motility (hence the disruption considered as mechanical 

damage and not toxicity), irrespective of final osmolarity in the range 312 – 1370 

mOsm/L. The reasons for specific effect on sperm morphology are not known, 

although they were manifested only when deionised water was used instead of E3 

diluent. The disruption of sperm morphology was prevented by the addition of 

sugars under similar osmotic conditions suggesting the stabilization of the plasma 

membranes of emu sperm by cryoprotectant is better with sugars than with DMA. 

These outcomes encouraged us to investigate the use of sugars combined with 

DMA for improving cryosurvival (discussed later). 

Retention of about 85% sperm viability at osmolarities around 1400 mOsm/L, 

not only with DMA but also with sugars, demonstrated the non-toxicity of DMA 

for emu sperm and their tolerance to hyperosmotic conditions. However, higher 

percentages of motile sperm were preserved with DMA than with sugars, reflecting 
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a cryoprotectant-specific regulation of sperm motility. Alternativley this variation 

in percentages of motile sperm could perhaps be due to differences in the viscosity 

of the different diluents which however require confirmation. 

The abrupt increase in the percentage of bent sperm immediately on exposure 

to DMA, with no decrease despite equilibration for 30 min, suggests that DMA 

induces instantaneous dehydration of emu sperm and the that bending is permanent. 

Instantaneous bending could be caused by a difference in hydrostatic pressure 

across the sperm plasma membrane or by a reduction of the effective area of the 

sperm membranes at the time of initial shrinkage (Meryman, 1970) (Stepnokus and 

Weist, 1979).  

The fact the level of sperm bending in our studies did not decrease after 30 min 

of equilibration with DMA and that, in Japanese quail, equilibration beyond 5 mins 

with DMA decreases the number of morphologically normal sperm (Kowalczyk, 

2008) suggests that we needed to look into shorter equilibration times. We also 

needed to determine whether the morphological alterations induced by DMA were 

related to its presence in the emu sperm; i.e. whether these morphological changes 

would reduce in absence of DMA (when removed immediately (0 min) and after 15 

min of equilibration). We found that the morphological changes (bent sperm) were 

induced within seconds of exposure to DMA, and that the percentage of bent sperm 

remained unchanged if the DMA was immediately removed or if the equilibration 

time was extended from 0 to 15 min. This suggests that the DMA-induced 

morphological change in emu sperm is permanent rather than transient. There are 

no other studies with which to compare these observations, but it seems likley that, 

for emu sperm, the equilibration time with DMA should be as short as possible, 

certainly < 10 min, in cryopreservation protocols. 
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To optimize the protocol for cryopreservation of emu sperm beyond the 

cooling phase, we next tested whether combining trehalose (in the range 3–9 %) 

with DMA would benefit post-thaw viability and other functions, and attempted to 

identify the optimum concentration of DMA for maximum survival. During 

cryopreservation, trehalose can protect sperm plasma membranes from the adverse 

effects of low temperature. However, our results showed that combining trehalose 

with DMA failed to improve post-thaw emu sperm function compared to DMA 

alone. This outcome could be attributed to the use of excessively low 

concentrations of trehalose (Dalimata and Graham, 1997; Aboagla and Terada, 

2003). The lack of improvement of the membrane stability in our studies, or in 

frozen thawed goat sperm (Aboagla andTerada, 2003), further supports this 

explanation that lower concentrations of trehalose concentrations are ineffective in 

improving sperm cryosurvival. Alternatively, the benefits of combining trehalose 

with DMA may be species-specific; the literature contains reports of improvement 

in stallion and goat sperm (Aboagla and Terada, 2003; Squires et al., 2004)) and 

deterioriation in the bull, stallion and Iberian red deer (Foote, 1960; Squires et al., 

2004; Fernández-Santos et al., 2007). It also seems reasonable to infer from our 

results that adding trehalose to a base extender containing DMA results in a 

combination that was ineffective in improving cryosurvival of emu sperm 

regardless of the concentrations in which trehalose was used. This was evidenced 

by the greater disruption of the post-thaw sperm egg membrane penetration 

abilitywhen the extender contained trehalose plus DMA than when the extender 

contained DMA alone. In conclusion, the combination of trehalose at 3 – 9 % with 

DMA was deleterious to, rather than improving emu sperm cryosurvival. 
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The optimum concentration of the DMA cryoprotectant for improving post 

thaw sperm survival was also investigated. From our results it was clear that the 

concentration of DMA could be increased to 18% after which there is no advantage 

and perhaps even a disadvantage with respect to membrane stability. Moreover, the 

manner of addition of DMA seems to be important: the concentration of 

cryoprotectant needed to confer better post-thaw sperm survival can be increased if 

it is mixed with a diluent prior to its addition to semen. These results also agree 

with those of Blanco et.al. (2011) who added DMA to the diluent before diluting 

turkey and crane sperm and achieved better survival with 18 - 26% than with 6 -

10% DMA, although they did not measure sperm egg membrane penetration 

ability.  

There was no improvement in post thaw sperm egg membrane penetration 

ability, although the percentages of sperm survival and membrane stability 

increased when DMA concentrations were increased from 9% to either 12 or 18%. 

However, in the surviving sperm after thawing, we found significant correlations 

between sperm egg membrane penetration ability and percentage of motile sperm, 

and between viable sperm and membrane stability. We thus find that the percentage 

of live normal, motile and egg membrane penetration-competent sperm give a good 

indication of the adequacy of the freezing treatment. In future studies, we will test 

the ability of our in vitro sperm function tests for predicting in vivo fertility in the 

emu. 

On the other hand, the lack of improvement in post-thaw egg membrane 

penetration- competent sperm suggests that the assays used in our study for 

evaluating sperm motility and egg membrane penetration ability are not sensitive 

enough to determine differences among DMA concentrations of 9, 12 and 18%. 
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One option for improving sperm assessment might be the measurement of ATP 

loss, as a motility determinant, or changes in sperm surface carbohydrates in 

relation to acrosome reaction (Long, 2006; Pelaez et al., 2011). 

Another possible explanation for the lack of improvement in post-thaw egg 

membrane penetration ability is variation in the susceptibility of different domains 

of the emu sperm plasma membrane to freeze-thaw damage: greater for the 

acrosome and mitochondrial membrane domains than for other domains. This 

hypothesis is supported by our observation, in frozen thawed emu sperm, of weaker 

correlations between %DMA and motility (r = 0.2, Table IV-7) and %DMA and 

egg membrane penetration-competent sperm (r = 0.01, Table IV-7), coupled with 

stronger correlations between %DMA and membrane stability and %DMA (r = 

0.74, Table IV-7) and viability (r = 0.82, Table IV-7). Overall, it is clear that there 

is value in working towards optimization of the concentration of DMA in the 

diluent.  

 

7.3 Additional finding  

It is desirable, for practical purposes, to cryopreserve spermatozoa in a 

styrofoam box, but measures of sperm function should at least be comparable, if not 

better, than those obtained using a programmable freezer (Pontbriand, 1989; Paras, 

2008). In our hands, the styrofoam box combined with 9% DMA in the diluent 

allowed us to achieve levels of sperm survival that were comparable to those 

achieved by Malecki and Martin (2000, 2005) using an automated liquid nitrogen  

programmable freezer. Percentage sperm survival was further improved when the 

concentration of DMA was increased to 18% from 9%. Threrefore, the styrofoam 

box offers a cheap and practical method for freezing of emu sperm that can be 
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easily replicated under field conditions and that could perhaps also be extended, 

possibly with some modifications, to other domestic and wild species for which we 

need to conserve semen and transport it across national and international 

boundaries.  

 

7.4 General Conclusion 

The findings of this thesis demonstrated that optimising the physical and 

chemical conditions of the storage and freezing protocols will prolong emu sperm 

function. The main findings are:  

1) Emu semen can be collected at low ambient temperatures (5°C to 20°C) 

without compromising its in vitro storage duration; 

2) Emu semen stores better over 48 h at 10°C than 5 or 20 °C; 

3) Increasing potassium concentrations to supra-physiological levels (up to 

40 MMol/L) in the diluent can preserve sperm function for 48 h, with the 

best outcome being with storage at 10°C rather than 5 or 20 °C; 

4) Loss of sperm function during the cooling phase can be avoided by diluting 

semen with a 5 °C diluent; 

5) Emu spermatozoa tolerate hyperosmolarities up to 1400 mOsm/L; 

6) When dissolved in DI water, DMA causes permanent morphological 

change in the large proportion of sperm, but does not affect their viability 

and mass motility score; 

7) Equilibration time with DMA can be reduced to < 10 min; 
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8) Combining trehalose (3 – 9%) with DMA (3 – 9%) is deleterious in 

preserving post thaw emu sperm functions compared to the use of DMA 

alone; 

9) Increasing the percentage of DMA from 9% to 18% improves 

cryosurvival, although further investigation is needed with respect to 

effects on fertilising ability. 

 
Although in vivo fertility trials still need to be conducted based on these findings the 

following protocol can be suggested for liquid storage of pooled emu smen.  

1) Semen collection once daily by “teaser” or “non-teaser” methods at temperatures 

between 5 – 20 °C in plastic vials.  

2) Assessment of semen for volume (0.35 to 1.25 mL); mass motility score (MMS) 

≥3; sperm concentration ≥ 2 × 109 sperm/mL; sperm viability ≥ 85 %, with ≤ 10% 

morphologically live abnormal sperm.  

3) Pooling of semen sample followed by  it’s dilution (1:1) with pre – cooled (10 °C) 

UWA-E4 (glucose 10 g/L, magnesium chloride (6H2O) 0.37 g/L, tripotassium 

citrate 8.93 g/L, sodium acetate [3 H2O] 6.2 g/L, sodium glutamate [H2O] 10.2 

g/L, (264 mOsm/L)  

4) Semen storage at 10 °C for 24 - 48 h. 

 

Similarly, for cryopreservation of pooled emu semen the following freeze – thawing 

protocol is suggested. 

1) Semen collection once daily by “teaser” or “non-teaser” methods at temperatures 

between 5 – 20 °C in plastic vials.  
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2) Assessment of semen for volume (0.35 to 1.25 mL); mass motility score (MMS) 

≥3; sperm concentration ≥ 2 × 109 sperm/mL; sperm viability ≥ 85 %, with ≤ 10% 

morphologically live abnormal sperm.  

3) Pooling of semen sample and holding it at room temperature (20 °C) followed by  

it’s dilution (1:1) with pre – cooled (5 °C) UWA-E4 freezing extender (glucose 10 

g/L, magnesium chloride (6H2O) 0.37 g/L, tripotassium citrate 8.93 g/L, sodium 

acetate [3 H2O] 6.2 g/L, sodium glutamate [H2O] 10.2 g/L, (264 mOsm/L, 

polyvinyl pyrrolidone 3 g/l)  

4) Cool diluted semen to 5 °C.  

5) Mix 1:1 with 5 °C diluent (18% DMA) and load teh straws immediately.  

6) Hold the straws for 5 min at 5 °C. 

7) Cool the straws in liquid nitrogen vapour to – 140 °C (in approximately 13 min). 

8) After another 2 min, place the straws into liquid nitrogen at – 196 °C for atleast 2-

3 days.  

9) Finally, thaw straws in iced water bath at 4 °C for 40 s.  

 

7.5 Future perspective 

The findings in this thesis call for additional investigations to further clarify 

sperm examination and semen handling details. 

First is the need for an in vivo fertility trial to evaluate the efficacy of emu 

semen stored at different temperatures. Although the semen stored better at 10 °C 

than 5 or 20 °C over 48 h, an in vivo fertility trial would confirm the findings of 

this thesis and lead to the use of the best storage temperature in practice. 

Second, there are conflicting studies among avian species about the role of 

seminal plasma in enhancing or reducing sperm viability during in vitro storage, so 
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we need a study to test whether emu seminal plasma will help improve the storage 

outcomes for emu sperm.  

Third, preservation of sperm functions on addition of trehalose is comparable 

to diluents containing extra [K+], justifing a detailed investigation of the use of 

trehalose during liquid storage. In addition, although trehalose (3 – 9%) was 

ineffective in improving post thaw sperm functions when combined with DMA 

during cryopreservation, we should investigate its potential for improving emu 

sperm cryosurvival at higher concentrations. 

Finally, we need to investigate the in vivo effect of different DMA 

concentrations on post-thaw sperm fertilising ability; this would help establish a 

more accurate understanding of the relationship between the sperm egg membrane 

penetration abilityand DMA concentrations, and could lead to the widespread use 

of frozen semen for artificial insemination of emus on a commercial scale.  
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