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Thesis Layout

This thesis contains a general introduction with review of the literature, four experimental
chapters, followed by a brief general discussion. Each experimental chapter is written as
separate manuscripts which will lead to some repetition throughout. These chapters are
structured to peer-reviewed journal articles with tables and figures integrated into the body of
the text for ease of reading. Each experimental chapter begins with an introduction to provide
context for the chapter and a section to outline contributions.
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Thesis Abstract

Modern reproductive management of captive wildlife populations involves the use of assisted
reproductive technologies such as artificial insemination (AI) to produce offspring. AI is
conducted to maximise genetic diversity in the captive population without the need to transport
males between institutions. A prerequisite for this method of artificial breeding is the ability to
collect and successfully store semen (in liquid or frozen form) from males to allow for the time
necessary to transport semen across state and even international borders. To date there has been
relatively little success in the storage of Asian elephant semen, limiting the use and benefits of
AI in this species.
This project aims to develop diluents, processing, storage and collection methods for the
improved survival of Asian elephant spermatozoa and subsequent use in artificial insemination
programs. The results of these various studies are summarized and discussed including
suggestions for the optimisation of existing, or development of novel, procedures to improve
Asian elephant semen preservation techniques. Further suggestions are made for approaches to
improve our understanding of the Asian elephant semen biology with the aim of helping the
development of assisted breeding techniques to help in the preservation of genetic diversity of
Asian elephants.
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Chapter 1: Review of the Literature
1.1 General Introduction
1.1.1 Conservation status of Asian elephants
The Asian (Elephas maximus) and African (Loxodonta africana) elephant are the sole remnants
of the order Proboscidea. Although for centuries these charismatic megavertebrates have
carried great cultural and ecological importance, wild populations are under threat. Once found
throughout much of Asia, the genetic diversity of Asian elephants is threatened as their natural
habitats are now restricted to small and isolated fragments dispersed across 13 countries (Figure
1.1). There are rough estimates of between 38,500 and 52,500 Asian elephants remaining
(Sukumar, 2003), which is only a tenth of the current African elephant population. However,
it has been proposed that these numbers are highly inflated, with actual numbers being much
more alarming (Blake and Hedges, 2004). The major threat is the loss and fragmentation of
habitat due to human area expansion and demand for agricultural land conversion (Fernando
et al., 2008; Sukumar, 1989). In response to the concerning decline in numbers, the Asian
elephant has been categorised as endangered by the International Union of Conservation of
Nature (IUCN) Red List of Threatened species since 1986, and has been listed in Appendix I
of the Convention on International Trade in Endangered Species (CITES) of wild fauna and
flora since 1975.
Elephants have had a close connection with mankind for thousands of years. Currently, there
are an estimated 16,000 Asian elephants cared for in captive environments (Sukumar, 2006),
representing approximately 22-30% of the total population worldwide. A large proportion of
these captive Asian elephants are found in logging camps, nature reserves, village
communities, temples, training centres and tourist camps in range countries. The remaining
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Figure 1.1 Current estimated geographical distribution of wild Asian elephant (Elephas
maximus) populations in south-east Asia. Figure is modified from IUCN (2008)
percentage of captive Asian elephants are located in zoos, circuses, safari parks and other
facilities worldwide. Historically, these captive stocks were supplemented with animals from
the wild, but since the banning of this action due to population decline, a large focus has turned
to captive breeding management to maintain healthy and diverse captive populations. Despite
these efforts, many captive Asian elephant populations, like their wild counterparts, are also
facing issues of declining genetic diversity and long-term population viability. One of the major
issues causing this decline in captivity is low reproductive rates (Wiese and Willis, 2006). The
situation is further exacerbated due to a substantial juvenile mortality rate (Mar et al., 2012;
Saragusty et al., 2009a), and a long gestation period (18-22 months) and inter-calving interval
(4-5 years). If mortality and fecundity rates are not improved, ex situ populations of Asian
elephants are predicted to become extinct in areas such as North America (Faust et al., 2006)
and Europe (Clubb et al., 2009). In North America, recent population analyses have projected
2

that the population could be functionally extinct within 50 years without drastic improvements
in fecundity or importations (Wiese, 2000).
As wild elephant populations diminish, the role of captive management becomes increasingly
important. As an iconic flagship species, elephants raise awareness for action and funding of
broader conservation efforts. Furthermore, our understanding about female and male elephant
reproductive physiology has been significantly improved from work with captive elephants
(Hildebrandt et al., 2006b), and this knowledge can be used to support management decisions
affecting both captive and wild populations.

1.1.2 Captive elephant breeding and management
Due to the declining trend in captive populations of Asian elephants, reproductive output has
become of major importance over the past decades. Efforts have centred on increasing
reproductive rates and breeding all reproductively viable elephants. However, the reproductive
success of captive populations is limited by several logistical and physiological issues
associated with the species which causes a paucity of opportunities to naturally breed.
Although natural breeding is encouraged, there are often practical difficulties and logistical
restrictions associated with captive conditions. Mature elephant bulls experience musth which
is a period of heightened aggressive and sexual behaviour associated with elevated androgen
production (Cooper et al., 1990; Yon et al., 2008). Due to unpredictable behaviour during these
periods, mature bulls usually require isolated enclosures. Zoos will also abide by this social
structure to encapsulate the predominantly solitary lifestyle, or sometimes small bachelor
herds, observed with wild mature bulls (Eisenberg et al., 1971). The specialised infrastructure
for housing males can be costly in both expenses and space requirements, and as a result many
zoos can only house a few breeding mature bulls if any. This has led many institutes to favour
housing female-only herds, which limits opportunities for natural breeding. Moreover, in the

3

case of all-male herds, social ranking from dominant bulls or even handlers can supress libido
and the production of high quality semen affecting fertility (Hildebrandt et al., 2000a).
Altogether these issues hinder captive breeding success and limit the availability of
reproductively viable elephant bulls.
Other major issues which restrict the ability of Asian elephants to propagate in captivity are
physiological, particularly in regard to the management of females. These include ovarian cycle
abnormalities, uterine pathologies and associated subfertility. Studies have shown that
nulliparous cows over 30 years of age have increased incidences of reproductive tract
pathologies, termed asymmetric reproductive aging (Hermes et al., 2004; Hildebrandt et al.,
2000b), and those at greater ages (>35 years or “post-reproductive age”) more frequently
experience parturition disorders (Hildebrandt et al., 2006b). Many of these issues caused by
aging and lack of breeding opportunities can lead to irregular ovarian cyclicity or complete
acyclicity (Brown et al., 2004b; Freeman et al., 2004). Hence the importance of breeding
nulliparous cows at a younger age to maintain reproductive health is highly recommended.
These factors combined have a high impact on the fecundity rate and sustainability of the ex
situ population of Asian elephants. The breeding success in zoos across North America and
Europe have been found to be notably lower when compared with institutions across Asia
(Taylor and Poole, 1998), likely due to larger herds and semi-natural enclosures throughout
Asia which allow for more natural breeding opportunities. Regardless, the captive population
as a whole remains unviable and threatened by long-term predictions of extinction. To
overcome the issues surrounding limited availability of natural breeding, pairing compatibility
and individual female and male infertility, zoos and other facilities have shifted their focus to
methods of assisted breeding to maximise the reproductive potential of the species in captivity;
as seen in other wildlife species (reviewed in Durrant, 2009). Captive populations of Asian
elephants have significantly helped enhance our knowledge of female and male reproductive
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anatomy and physiology which has been vital for developing species-specific assisted breeding
procedures.

1.2 Male elephant reproduction
1.2.1 Elephant reproductive physiology
There is a very broad range for the timing of both the onset of sexual maturity and breeding
activity in captive elephant bulls. Numerous factors can affect this, including diet and captive
herd structures. Mounting attempts have been recorded in captive males as young as 6 years of
age (Keele et al., 2010), although a high abundance of immature spermatozoa in the ejaculate
of bulls this age suggests they are not yet fertile and useful for natural breeding (Hildebrandt
et al., 2000a). The onset of sexual maturity can be difficult to predict with captive-raised
elephants. With most captive species, precocious puberty can occur in both sexes when
compared to their wild counterparts, likely due to well-managed diets and a lack of many
environmental stressors (Cooper et al., 1990). Wild Asian elephant bulls generally do not breed,
or are at least not considered of prime sexually-active age, until 25 years of age (Sukumar,
2003).
Once mature, wild and captive elephant bulls will experience the phenomenon of musth. The
musth period is characterised by signs of temporal gland secretions and urine dribbling. These
signs are associated with significantly elevated levels of serum testosterone which can cause
increased aggressive behaviour (Brown, 2000; Duer et al., 2016). The frequency and length of
musth can vary between males with multiple potential influencing factors such as age, social
dominance and captive management practices (Jainudeen et al., 1972). The relationship
between musth and breeding activity remains the subject of varying hypotheses and
speculation. Musth was once believed a pre-requisite for breeding; related to the ability of a
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male to achieve a high dominance status in the herd. However, both captive and wild males
have been observed to mate successfully outside the musth period (Eisenberg et al., 1971). It
may be speculated that the highly increased levels of serum testosterone during musth increases
spermatogenesis in the testes and, in turn, sperm quality. However, this has been difficult to
decipher in captive elephants due to the dangers of performing a semen collection from a male
with heightened aggressive behaviour. However, an opposite effect has been observed when
suppressing testosterone production in Asian elephants. When serum testosterone is artificially
suppressed using gonadotropin-releasing hormone vaccines, there is a decrease in the males
testes size and ejaculates are of lower volume and with higher numbers of immature
spermatozoa (Lueders et al., 2014).

1.2.2 Elephant reproductive anatomy
Male elephants display different reproductive anatomy to that of most mammals, and the use
of ultrasound technology has given a greater understanding of the reproductive anatomy and
function (Hildebrandt et al., 1998). The most unique anatomical feature are the testes which,
unlike most terrestrial mammals, are located intra-abdominally near the dorsal cavity wall,
slightly posterior to the kidneys. Adequate sperm production for fertility has been found to
occur once the testicular diameter is around 100 mm (Hildebrandt et al., 2000a). The same
study reported the testes of subordinate non-breeding bulls are smaller than testes of dominant
breeding bulls, which can weigh up to 2-3 kg each and have a diameter upwards of 170 mm
(Hildebrandt et al., 1998).
Male elephants do not have defined epididymides adhered to the surface of the testes as in most
scrotal mammals. Instead, elephant bulls have excurrent ductus deferentes which originate at
the dorsal pole of the testes and course towards the bladder (Schulte, 1937; Watson, 1872).
These long, convoluted tubules are said to serve the same function as the epididymis in which
spermatozoa undergo post-testicular maturation (Jones, 1980). The caudal part of the ductus
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dilates to form the paired ampullae where, again unlike scrotal mammals, spermatozoa is stored
until ejaculation. The coned-shaped ampullae are located bilaterally, dorsal to the bladder, and
can vary in size depending on the age, social dominance and reproductive status of the bull
(Hildebrandt et al., 2000a). Due their role in storing spermatozoa until ejaculation, the ampullae
size and echogenicity with ultrasound evaluation can be used to predict the success of semen
collections (Schmitt and Hildebrandt, 1998) and indirectly assess spermatogenesis within the
testes (Hildebrandt et al., 2000a). Furthermore, larger Asian elephant ampullae diameters have
been found to be positively correlated with percentages of motile, morphologically normal and
membrane intact spermatozoa in the ejaculate (Imrat et al., 2014).
The remaining accessory sex glands of the Asian elephant are common to most other mammals.
Their primary role is producing seminal fluid which joins with the spermatozoa upon
ejaculation. These include the seminal vesicles, prostate and bulbourethral gland. Through
ultrasonography assessment of size and normal morphology, these glands can all be considered
markers for predicting fertility and breeding capability in male elephants and other wildlife
species (Hildebrandt et al., 2006a; Hildebrandt et al., 2000a). The paired fusiform-shaped
seminal vesicles, located lateral to the ampullae, are normally the largest accessory glands of
an active breeding bull and produce the bulk of the seminal fluid. Combined, the seminal
vesicles are estimated to empty 50–200 ml of fluid per ejaculate during natural breeding or
manual semen collection (Schmitt and Hildebrandt, 1998). These glands also tend to show the
most variation of any structure of the male reproductive tract amongst male elephants.
Proportionate, large, fluid-filled seminal vesicles are characteristic of the most dominant,
reproductively active bulls (Hildebrandt et al., 2000a). Due to the large contribution of seminal
vesicle fluid to the ejaculate volume, it may be speculated it has a strong influence over
ejaculate quality. The prostate glands are paired structures located above the pelvic urethra,
caudal to the ampullae. In the African elephant, the prostate is clearly lobulated, whereas the
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prostate of the Asian elephant appears more homogenised and fused into a solid mass. The last
of the accessory sex glands in the Asian elephant is the bulbourethral gland; found immediately
caudal to the root of the penis. The bulbourethral gland of breeding bulls is characteristically
large, well-developed and produces a thick clear fluid (Hildebrandt, 2006). The adult elephant
penis is heavily vascularised and has been described as upwards of one metre long. The penis
can be mobile when erect due to defined paired levator muscles, used to aid the male with
intromission while mounting.

1.3 Asian elephant ejaculate
1.3.1 Spermatozoa
The spermatozoa of the Asian elephant (Figure 1.2) are comparatively smaller than most
domesticated species. The dimensions of the Asian elephant sperm cell have been well
described (Heath et al., 1983; Jainudeen et al., 1971; Kitiyanant et al., 2000). The normal sperm
phenotype has an oval-shaped sperm head approximately 7.8 µm long and 4 – 4.5 µm wide.
The midpiece and tail are approximately 11.1 and 47.3 µm long, respectively, for a total cell
length of around 66 µm. The midpiece is tightly wrapped with a mitochondrial sheath, which
provides energy to the tail for cellular propulsion and motility. Comparisons with the African
elephant spermatozoa have found the length of the Asian elephant spermatozoa to be slightly
shorter, but the head and midpiece to be longer (Jainudeen et al., 1971).
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Figure 1.2 Asian elephant spermatozoa stained with Coomassie blue stain (scale bar represents
20 µm). Image taken by C.Negus.

1.3.2 Seminal plasma
1.3.2.1 Asian elephant seminal plasma characteristics
Seminal plasma is a concoction of fluids secreted predominantly from the accessory sex glands
and is involved in a multitude of sperm functions and events preceding fertilisation in the
female tract. Advances in reproductive technologies have revealed seminal plasma as a
nutritive, protective medium for spermatozoa with essential roles in sperm metabolism (Mann,
1946), sperm survival (Pérez-Pé et al., 2001) and transit of the female reproductive tract
(Rickard et al., 2014). The biochemical composition of seminal plasma is complex, containing
proteins, enzymes, organic compounds and trace elements (Juyena and Stelletta, 2012). These
seminal plasma components are highly variable among species, often reflecting the species’
reproductive anatomy and method of reproduction (Druart et al., 2013).
Studies on the components of seminal plasma which effect elephant sperm quality have been
largely inconclusive. Spermatozoa collected from the distal ductus deferentes of African
elephants, prior to exposure to accessory gland secretions, have been reported immotile or only
a small proportion showed weak flagellation (Jones, 1973). Preliminary studies by the same
researchers showed these spermatozoa could have motility induced by diluting in buffered
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saline with potassium chloride and fructose, but the studies were not sufficiently extensive to
determine which factor(s) induced motility.
Sugars in the seminal plasma are known as important energy substrates for inducing motility
in spermatozoa. The main sugar found in the seminal vesicle fluid of elephants is reported to
be fructose (Short et al., 1967), although glucose has also been recorded in Asian elephant
seminal plasma isolated from manually collected ejaculates (Kiso et al., 2013). Across
mammalian species, spermatozoa have shown metabolism of multiple monosaccharides such
as glucose and fructose (Mann, 1946), but the specific manner of metabolism varies with
species (Rigau et al., 2002; Rikmenspoel and Caputo, 1966). The expression of glucose
transporters on the sperm head and midpiece membrane further suggest a high affinity of Asian
elephant spermatozoa to monosaccharaides (Sajapitak et al., 2018). However, the specific role
of these glucose transporter proteins is yet to be determined.
There are likely a vast array of inorganic or organic components which may influence Asian
elephant semen quality. Studies have compared seminal plasma characteristics between
ejaculates displaying high and poor motility to help explain potential causes behind the
inconsistent semen quality phenomenon (Kiso et al., 2013; Satitmanwiwat et al., 2017;
Sivilaikul et al., 2010; Thongtipsiridech et al., 2011). Calcium is an important element
responsible for sperm motility (Fakih et al., 1986). Concentrations of calcium in the seminal
plasma of Asian elephant ejaculates were shown to be negatively correlated with motility and
normal sperm morphology (Sivilaikul et al., 2010). Concentrations of protein carbonyls
(Satitmanwiwat et al., 2017) and malondialdehyde (Thongtipsiridech et al., 2011) in Asian
elephant seminal plasma have been found to be significantly higher in ejaculate samples with
poor motility compared to those of high motility. These organic compounds in seminal plasma
are often measured as a by-product of protein and lipid peroxidation of the sperm membrane.
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Thereby, the results of these studies suggest oxidative stress caused by free radicals may be
one of the major contributing factors of poor semen quality seen in elephant ejaculates.
Other proteins, organic compounds and trace elements recorded in Asian elephant seminal
plasma have been correlated with fresh sperm motility. Biochemistry profiles of seminal
plasma from Asian elephant ejaculates with high (≥60%) and low (≤10%) motility have found
significant differences in creatine phosphokinase, alanine aminotransferase, phosphorus,
sodium, chloride, magnesium and glucose (Kiso et al., 2013). However, the exact mechanisms
by which these components affect sperm quality and function remains unknown. Future
research on the constituents of a complete Asian elephant ejaculate would be beneficial in
determining what could constitute a complementary additive to aid in the handling and
preservation of the spermatozoa, or potentially to improve poor quality samples.

1.3.2.2 Seminal plasma proteins
Although a multitude of constituents in seminal plasma play a role in sperm function, survival
and fertilisation ability, it is believed proteins, which make up a large component of seminal
plasma, are primarily responsible for these cellular activities (Rodríguez-Martínez et al., 2011).
Proteomics of seminal plasma is a relatively modern, but rapidly expanding, field of research.
However, identification of active factors in seminal plasma and mechanisms by which they
influence sperm physiology are not sufficiently understood in most species and are especially
limited in the understudied area of non-domestic species reproduction.
Total protein in Asian elephant seminal plasma has been reported by some to be higher in
semen samples displaying high sperm motility characteristics (Thongtip et al., 2008a).
However, when comparing only two groups of only high (≥65%) and low motility (≤10%)
ejaculates, no significant difference in seminal plasma total protein is found (Kiso et al., 2013).
In the same study when including all ejaculates regardless of motility score, the authors found
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a negative correlation between total protein and sperm motility (Kiso et al., 2013). The
contrasting results may be attributed to differences in protein assessment methods or
differences in sperm motility grouping. The higher motility group used by Thongtip et al.
(2008a) consisted of samples with only 30-50% motility, whereas Kiso et al. (2013) categorised
high motility samples as ≥65% motility.
The only study to date to extensively investigate the protein composition of Asian elephant
seminal plasma has identified the protein lactotransferrin to be present in over 85% of highly
motile samples, and absent from more than 90% of poor motility samples (Kiso et al., 2013).
Found in various mammalian biological fluids, lactotransferrin is believed to have an
antibacterial, antioxidant and immune-modulating role in seminal plasma (Brock, 2002) and is
even considered as a potential fertility marker in human semen (Milardi et al., 2012). However,
the origin, binding sites, and exact mechanisms by which lactotransferrin may affect sperm
quality, especially in Asian elephants, has not yet been fully elucidated. Further investigation
into other seminal plasma proteins from Asian elephants would greatly benefit efforts in finding
reasons for inconsistent semen quality and sperm preservation techniques.

1.4 Assisted reproductive technologies in elephants
The role of assisted reproductive technologies (ART) has been acknowledged as increasingly
important for the success of captive breeding management, specifically in those species with
threatened survival in both captivity and the wild (Hermes et al., 2007). However, the
application of ART for endangered mammals is significantly less developed than that for
domestic species. The unique and quite complex reproductive biology of endangered species
and the limited research provide challenges (Andrabi and Maxwell, 2007). In contrast to most
other endangered species, ART in elephants is quite advanced (Hildebrandt et al., 2006a).
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These advances in reproductive biotechnologies have also shown species-specific differences
between the African and Asian elephant (Hildebrandt et al., 2006b).
The use of ultrasound technology has particularly improved the assessment of reproductively
viable individuals (Hildebrandt et al., 2000a; Hildebrandt et al., 2000b). Adapting ART
developed for domestic, laboratory and other wildlife species to elephants has not always been
straightforward, but the recent progress in our understanding of elephant reproductive
physiology (Brown, 2000; Hildebrandt et al., 2006b) has allowed significant advances to
captive breeding management through the development of assisted breeding.
On a practical basis, the use of ART, such as artificial insemination, eliminates the logistical
issues around transporting individual elephants for mating encounters and can also be used in
the situation of behavioural incompatibility between animals or inexperience of individuals.
Altogether, ART expands the ability to increase the genetic potential of underrepresented
individuals.

1.4.1 Artificial insemination
Presently, artificial insemination (AI) is used worldwide as an effective tool for improving the
breeding management of captive elephants by supplementing or replacing natural breeding.
When applied to elephant populations, AI eliminates the geographical and social challenges
associated with natural breeding and can aid in the long-term sustainability of the captive
population. However, the technique is not without its limitations with this species. Elephant AI
requires extensive amounts of planning, coordination between facilities, training, financial
resources, staffing and expertise. Furthermore, elephants have unique anatomical features of
their reproductive tract which requires a specialised endoscopic custom-made balloon catheter
to distend the reproductive tract to deposit the semen (Brown et al., 2004a). Compared to other
mammalian species, female elephants exhibit unique luteal hormone activity which allows for
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the opportunity to time, usually two or three, inseminations around the optimal time of
ovulation (Hildebrandt et al., 2011). However, the remaining major limitation to a successful
planned AI is the difficulty in collecting high quality semen from elephant bulls on demand.

1.4.2 Fresh and chilled spermatozoa
Currently, fresh-extended semen is typically utilised for elephant AI. Elephant semen has
shown to be effectively preserved as chilled-stored liquid and has previously resulted in the
births of live Asian elephant calves (Brown et al., 2004a; Thongtip et al., 2009). However, this
method is restricted to the geographical distance between the male donor and female recipient
and the unpredictable nature surrounding semen collections around the optimal time of
insemination correlating with the female ovulation. Elephant semen samples are ideally
collected, extended, cooled, transported and inseminated all within 12 hours, due to the rapid
decline in sperm quality (Kiso et al., 2011). Asian elephant semen has been observed to show
signs of survival after 48 hours of chilled storage (Graham et al., 2004), but the fertilising
capability of the sample significantly declines the longer it is stored, lowering the success of
AI. Since the first live birth from AI in 1999 (Saragusty et al., 2009a), the current conception
rate for AI in elephants is reported to be approximately 30-40% with fresh and chilled semen
(Dow et al., 2011; Schmitt, 2006). This is a significant accomplishment for any endangered
species, but the majority of these births are attributed to African elephants. Dow et al. (2011)
reported from a breeding history (1993-2008) of 50 female Asian elephants across North
American zoological institutes only four live births resulted from 29 AI attempts. Exact reasons
for such low successful AI rates remain unclear although frequent poor semen quality from
males remains a common issue across zoological institutes. Although AI has become a useful
tool to supplement natural breeding and genetic management of ex situ elephant populations
(Hermes et al., 2007), further research is required to improve its efficacy and maximise its
potential.
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1.4.3 Cryopreserved spermatozoa
One of the major obstacles to improved sustainability of captive elephant populations is the
lack of a consistent and reliable semen cryopreservation protocol to be applied in conjunction
with the new emerging technologies of AI. The advantages of improved semen
cryopreservation outcomes are numerous and would contribute substantially to the genetic
management and improved reproduction rate of captive populations. Optimising semen
cryopreservation creates the potential to develop a genome resource bank which may become
increasingly important for an endangered species such as the Asian elephant. It is even possible
to incorporate genetic material from wild elephant bulls from range countries to ensure
genetically vigorous ex situ populations (Hildebrandt et al., 2012). Compared to chilled liquid
transportation, a successful semen cryopreservation protocol allows for reliable availability of
semen samples with known post-thaw motility, ability to select from a cohort of genetically
compatible semen donors from around the world, and reduced reliance on successful semen
collections on the day of AI.
Between the elephant species, there is a noticeable difference in the tolerance of spermatozoa
to freezing and thawing damage. There has been one reported successful live African elephant
calf produced from inseminated frozen-thawed semen (Hildebrandt et al., 2012), but the same
cannot be said for the Asian elephant. To date, there have been no reports of a live Asian
elephant calf produced from artificially inseminated, frozen-thawed spermatozoa. Thongtip et
al. (2009) were able to achieve a single pregnancy with frozen-thawed semen, but the fetus was
aborted after 17 months of gestation. The conception rate in this study was considerably low,
with only one of the 55 AI attempts (1.8%), over 10 different receptive females, resulting in a
detected pregnancy. Due to the minimal success of pregnancies with cryopreserved elephant
semen, the current preferred method of semen storage for AI programs remains chilled-stored.
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The current hurdle of being able to reliably collect high quality semen samples from captive
Asian elephants remains a large hinderance to the progression of cryopreservation protocols.

1.4.4 Semen collection
A prerequisite for the efficient utilisation of ARTs, such as AI, is being able to reliably collect
high quality semen from the male. Several techniques have been reported for both wild and
captive elephants, some of which include the animal being in a standing, conscious state and
others requiring general anaethesia. In a standing state, considerable animal training is required
before semen collection can be achieved.
A common collection technique within domestic species is the use of an artificial vagina (AV),
usually in conjunction with a female teaser or phantom. This collection technique generally
allows for frequent sampling without the stress of chemical or physical restraint. Furthermore,
the resulting ejaculate is thought to closely resemble that which is produced during natural
mating, in terms of composition and quality (Durrant, 2009) and thus provide the most accurate
assessment of fertility of a male. The AV is not commonly used as a collection device in
wildlife species due to the extensive training and habituation required; however, there have
been a few reports of using an AV for collecting semen in Asian elephants, albeit with varying
success. Kitiyanant et al. (2000) used a modified equine AV with a bull 11 years of age who
had been familiarised with the procedure over a 6-month period. Ejaculate volumes of 40-72
ml were reported with upwards of 50% sperm motility. Similarly, Heath et al. (1983) used a
modified equine AV coupled with stimulation of the root of the penis via rectal massage.
Similar volumes were recorded from an individual male but with lower sperm quality (0-40%
sperm motility). In theory, the use of an AV with elephants may be beneficial to induce the
natural response of ejaculation and obtain samples of high quality. However, for most western
zoological institutes the process of training can be time consuming and the procedure involves
being near an unpredictable bull at the time of mounting which can be dangerous for the
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collectors. Consequently, there is currently no developed protocol for collecting semen from
elephants using an AV.
The unpredictable behaviour of most wildlife species severely limits the ability to collect semen
frequently without chemical restraint. Therefore, electroejaculation has become a standard
semen collection technique particularly with in situ animals. Electroejaculation, which involves
small electrical stimuli via a rectal probe, requires general anaesthesia to restrain the animal.
The resulting muscular contractions of the local area and accessory sex glands results in
ejaculation. Electroejaculation has been used by various investigators to collect semen from
free-ranging, wild Asian and African elephant bulls (Hermes et al., 2013; Hildebrandt et al.,
2012; Howard et al., 1986; Howard et al., 1984). Although, considerable individual variation
in ejaculate volume and semen quality has been reported within a population of free-ranging
African elephant bulls even with a regimented electroejaculation collection protocol (Howard
et al., 1984). The prerequisite general anaesthesia for this procedure, however, generates
significant health concerns for the elephants. Prolonged recumbency in elephants presents a
risk of serious complications (Honeyman et al., 1992) with the addition of possible injury
associated with induction and recovery from general anaesthesia. Due to these health and
welfare concerns, it is not advisable to frequently perform semen collections using this
technique and thus it is avoided in captive situations.
An alternative method of semen collection, which has been widely developed for captive Asian
and African elephants, is manual rectal stimulation (Schmitt and Hildebrandt, 1998). The
technique involves manual massage of the pelvic portion of the urethra, near the seminal
colliculus, via the rectum, to stimulate protrusion and erection of the penis. Massaging of the
accessory sex glands continues and an ejaculatory response is provoked. The sperm-rich
ejaculate sample is collected into a collection sleeve held near the end of the penis. The length
of the procedure can be highly variable and heavily dependent on the experience of the bull,
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the environment and the stimulator. Portas et al. (2007) described using standing sedation with
manual rectal stimulation on an individual elephant bull and found the characteristics of the
ejaculates were comparable to those of unsedated bulls. Therefore, there may be the potential
to apply this semen collection technique to unconditioned bulls or bulls in musth. Although
this technique produces inconsistent ejaculate quality (Imrat et al., 2013; Kiso et al., 2012;
Thongtip et al., 2008a; Thongtip et al., 2001; Thongtipsiridech et al., 2011), the samples are
not worse than that seen when using the methods described above and so this is the preferred
method as it does not require anesthesia. Overall, the manual rectal stimulation technique
demonstrates that semen can be safely, relatively easily and frequently collected from
unsedated elephant bulls managed under protected or free-contact systems.

1.4.4.1 Inconsistencies in semen quality
One of the major obstacles in captive elephant AI programs and developing an effective method
to cryopreserve Asian elephant spermatozoa is the variability in fresh semen quality. Large
intra- and inter-individual variation in sperm parameters can be seen between ejaculates when
collected via manual rectal stimulation (Imrat et al., 2013; Kiso et al., 2013; Thongtip et al.,
2008a). Most semen samples exhibit a high proportion of immotile spermatozoa, often
observed with a high percentage of abnormalities, even in males that have successfully
conceived via natural breeding. The reason for this inconsistency in semen sample quality has
not been clearly determined and remains an issue observed worldwide amongst various types
of captive facilities. In an extensive study of captive Asian elephant bulls in North America,
only 13.7% (28/205) of ejaculates collected via manual rectal stimulation exhibited sperm
motility greater than or equal to 65% (Kiso et al., 2013) which is considered a minimum
prerequisite for further preservation procedures. One of the large issues surrounding semen
collection, particularly with manual rectal stimulation, is the high frequency of urine
contamination. However, urine contamination is not the sole cause of poor semen quality as
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significant DNA damage, morphological abnormalities and little to no motility has been
commonly observed in uncontaminated ejaculates (O'Brien et al., 2013a). A more thorough
demonstration of semen sample inconsistencies from other studies with Asian and African
elephants are shown in Table 1.1. Due to the high prevalence of fresh ejaculates with poor
quality from Asian elephants in captivity, the majority of samples are generally unfit for use in
AI programs or for further in vitro processing such as cryopreservation.
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Table 1.1 Elephant semen studies and their seminal quality criteria demonstrating the inconsistencies in fresh ejaculate quality collected via
manual rectal stimulation from Asian (Elephas maximus) and African (Loxodonta africana) elephants
Total

Met criteria

No. of
ejaculates

No. of
elephants

No. of
ejaculates

No. of
elephants

% of ejaculates
meeting criteria

Reference

Species

Criteria

Graham et al. 2004

E. maximus

MOT>70% after 20 minutes
post-collection

8

2

4

2

50.0%

Thongtip et al. 2004

E. maximus

pMOT≥60%; ≥50 x 106
sperm/ml; pH 6-8

20

2

8

2

40.0%

Saragusty et al. 2005

E. maximus

MOT≥50%

7

2

3

2

42.9%

Thongtip et al. 2008a

E. maximus

Urine contaminated

226

13

51

13

22.6%

0-10% MOT

226

13

65

13

28.8%

30-50% MOT

226

13

110

13

48.7%

>50% MOT

226

13

0

13

0%

0-30% MOT

14

9

11

9

78.6%

uncontaminated;

Thongtip et al. 2008b

E. maximus

20

Total

Met criteria

No. of
ejaculates

No. of
elephants

No. of
ejaculates

No. of
elephants

% of ejaculates
meeting criteria

Reference

Species

Criteria

Hermes et al. 2009a

E. maximus

MOT≥65%

18

1

12

1

66.7%†

Sa-ardit et al. 2009

E. maximus

pMOT>75%; >50 x 106
sperm/ml; live sperm >70%

22

11

4

2

18.2%

Saragusty et al. 2009b

E. maximus

MOT≥65% with little or no
agglutination

30

6

10

1

33.3%†

Sivilaikul et al. 2010

E. maximus

pMOT>50% and without
urine contamination

54

9

11

20.4%

Kiso et al. 2011

E. maximus

Urine contaminated

131

13

56

42.7%

uncontaminated, MOT≥60%

131

13

10

Thongtipsiridech et al.
2011

E. maximus

pMOT>40% and without
urine contamination

48

6

16

Kiso et al. 2012

E. maximus

MOT≥60%

104

12

9

4

7.6%

33.3%‡
4

8.7%

21

Total

Met criteria

No. of
ejaculates

No. of
elephants

No. of
ejaculates

No. of
elephants

% of ejaculates
meeting criteria

Reference

Species

Criteria

Buranaamnuay et al. 2013

E. maximus

MOT≥60% and without
urine contamination

65

10

7

Imrat et al. 2013

E. maximus

>50% viability and without
urine contamination

28

7

9

3

32.1%

Kiso et al. 2013

E. maximus

Urine contaminated

205

21

113

18

55.1%

Uncontaminated and
MOT≥65%

205

21

28

5

13.7%

MOT≤35%

92

9

79

9

85.9%

MOT≥50%

92

9

13

5

14.1%

MOT≥60%

29

3

14

3

48.3%

O'Brien et al. 2013a

Arnold et al. 2017

E. maximus

E. maximus

10.8%

22

Total

Met criteria

No. of
ejaculates

No. of
elephants

No. of
ejaculates

No. of
elephants

% of ejaculates
meeting criteria

Reference

Species

Criteria

Kiso et al. 2011

L. africana

Urine contaminated

104

7

54

Uncontaminated and
MOT≥60%

104

7

5

2

4.8%

MOT≤35%

49

2

37

2

75.6%

MOT≥50%

49

2

12

1

24.5%

O'Brien et al. 2013a

L. africana

51.9%

MOT; motility, pMOT; progressive motility
† The

single bull selected was previously known for reliably producing high quality ejaculate samples

‡ Bulls

were selected from previously known collection success. Collections were attempted twice and only the best quality ejaculate was recorded.
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The underlying causes of poor quality and immotile Asian elephant spermatozoa remains
unclear. Several studies have explored potential causal factors; however, findings across
studies and different institutes are quite variable. Older bulls (51-70 years of age) have shown
lower percentages of progressively motile and viable spermatozoa than younger bulls (10-43
years of age), indicating reproductive senescence with aging (Thongtip et al., 2008a). Further
study also suggests serum levels of testosterone, triiodothyronine (T3) and total protein are
positively correlated with semen quality (Sajapitak et al., 2016; Thongtip et al., 2008a).
Although, these may be indicators of good general health of the animal as opposed to directly
influencing sperm quality. It has been shown in African elephants, that testosterone production
in bulls is age-dependent and correlated with testicular weight and sexual interest (McNeilly et
al., 1983). An increase in serum testosterone may, in turn, influence sperm quality; however,
due to the restricted access and handling of males whilst in musth, or heightened periods of
testosterone, there is an absence of research to support this.
The internal localisation of the elephant testes and the ampullae, where spermatozoa are
produced and stored respectively, means they are constantly exposed to core body temperatures
and are unable to regulate temperature like scrotal mammals. Due to limited access to females
for natural mating, captive Asian elephant bulls may experience poor sperm quality as a result
of senescent spermatozoa accumulating in the ampullae, especially without regular manual
semen collections. Reduced sperm quality as a result of extended periods without mating or
ejaculation has been observed in other species (Barth, 2007; Pellestor et al., 1994). Spontaneous
ejaculation is a behaviour observed in equids (McDonnell et al., 1991) and dolphins (Morisaka
et al., 2013) believed to reduce the proportion of senescent spermatozoa in an ejaculate before
mating. Although this behaviour has not been reported in captive or wild elephants, wild bulls
have been commonly observed to copulate multiple times over the female oestrous period
(Eisenberg et al., 1971); thus, it is possible that frequent ejaculation during a series of matings
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may be necessary to improve the quality of the sperm after successive ejaculates. motility and
normal morphology have shown to improve with frequent alternative day semen collections,
although results have varied between individual captive Asian elephant bulls (Imrat et al.,
2014).
The high percentage of elephant bulls with reduced semen quality might also be a consequence
of the artificial social structure created in captivity. To date, there are limited data from studies
focusing on the direct effects of social structure of captive Asian elephant on sperm quality.
Although, studies have found a correlation between certain social structures and hormone
activity. A recent case study by Duer et al. (2016) found that serum testosterone and signs of
musth in an Asian elephant bull were highly elevated when multiple nearby females were in
oestrus. Similarly, overall testosterone concentrations of elephants at multi-male facilities are
found to be higher with the older, dominant bulls compared with their subordinate counterparts
(Brown et al., 2007). Although management decisions around herd and social structure may
have strong influence over hormonal and physiological processes, dominant bulls housed in
visual and auditory contact with cyclic females have still produced poor quality ejaculates
(O'Brien et al., 2013a). Thus, multiple causal factors of inconsistent ejaculate quality are
presumed to exist.
In most mammalian species it is generally understood that post-testicular secretions from the
accessory glands have strong influence on the motility and function of spermatozoa (Elzanaty
et al., 2002). Recent research has explored differences in seminal plasma quality and
composition to explain inconsistencies in Asian elephant semen quality. Kiso et al. (2013)
suggests that the manual rectal stimulation method for semen collection may not sufficiently
stimulate all the accessory sex glands needed to produce an adequate mix of seminal plasma to
support sperm function. There may be large variation in the rectal massaging technique
between facilities and the response to the stimulus by different bulls. The larger volumes and
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lower sperm concentrations of ejaculates with higher sperm motility (Kiso et al., 2013) may
suggest there is a larger contribution of seminal plasma from the accessory sex glands in these
samples compared to those of low, or no motility.

1.5 Liquid storage & cryopreservation
Current elephant AI protocols which require transporting the semen between facilities utilise
chilled storage to improve the longevity of the spermatozoa. Granted a high quality sample can
be obtained, it is recommended that insemination occurs within 24 hours of semen collection
and cooling (Brown et al., 2004a), which limits the geographic distance in which AI with liquid
stored semen can be utilised. While the success of AI with chilled Asian elephant spermatozoa
has been demonstrated (Brown et al., 2004a; Thongtip et al., 2009), there are greater significant
implications of optimising and utilising cryopreserved spermatozoa for ARTs for the species.
Cryopreservation of elephant semen was first reported several decades ago in wild African
elephants (Howard et al., 1986; Jones, 1973) and more recently in captive Asian elephants
(Hermes et al., 2003; Thongtip et al., 2004). The first live calf as a result of AI with frozenthawed elephant semen was reported by Hildebrandt et al. (2012) whereby the semen was
collected from free-ranging African elephant bulls, frozen for preservation and artificially
inseminated in a captive female. Cryopreservation methods and techniques which have
produced acceptable post-thaw quality (>45% sperm motility) have been reported with Asian
elephant spermatozoa (Kiso et al., 2012; Sa-Ardrit et al., 2006; Saragusty et al., 2009b).
However, these studies have used samples which represent a small proportion of all elephant
ejaculates. Fresh sperm motility, viability, semen volume, pH, sperm concentration and the
incidence of sperm abnormalities have all been shown to significantly affect post-thaw semen
quality in Asian elephants (Imrat et al., 2013). Similarly, pre-freeze sperm motility and
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acrosomal integrity are significant predictors for post-thaw quality of Asian elephant
spermatozoa (Arnold et al., 2017). For this reason, current cryopreservation protocols rely on
the integration of a selection criteria whereby only high quality ejaculates are chosen to
undergo cryopreservation or further processing to optimise outcomes (examples depicted in
Table 1.1). Due to the issues with fresh ejaculate quality inconsistency, a significantly large
proportion of samples collected via rectal massage stimulation are deemed unsuitable for
further preservation (Buranaamnuay et al., 2013; Kiso et al., 2012; Saragusty et al., 2009b).
Thus, the issues with inconsistent high quality ejaculates from Asian elephant bulls remains a
major hindrance to the number and diversity of males represented in captive breeding
programs. Improving the quality of poor ejaculates prior to further in vitro handling will benefit
advances in elephant spermatozoa preservation research.

1.5.1 Principles of semen cryopreservation
Semen cryopreservation is the controlled freezing and storage of spermatozoa at sub-zero
temperatures, usually with liquid nitrogen. This assisted reproductive technique which has
immensely aided the breeding management of domestic species is now implemented in wildlife
genetic conservation (Holt et al., 1996; Wildt, 2000). However, its universal application
remains limited by the challenges developing species-specific protocols. The countless studies
investigating methods of improving cryopreservation techniques in domestic and wildlife
species have irrefutably demonstrated that spermatozoa from different species vary remarkably
in cryo-sensitivity, with this variation often extending to individual animals (Loomis and
Graham, 2008; Rickard et al., 2015; Yu et al., 2002).
The irreversible cellular cryo-injuries are caused by interacting biophysical and biochemical
changes within the cells and within the environment (Watson, 2000). During the process of
chilling and freezing, the plasma membrane lipid bilayer of spermatozoa is altered in both
composition and structure. Rapid cooling can lead to the formation of intracellular ice crystal
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which can lead to the destruction of important organelles in the spermatozoa (AbdelHafez et
al., 2009). Alternatively a slow freezing procedure results in pockets of frozen extracellular
water resulting in hyperosmotic conditions that draw water out of the cell and can lead to altered
mitochondrial membrane permeability resulting in no motility (Holt, 2000a). These osmotic
imbalance conditions, causing more cell death, are a repeated issue when thawing the
spermatozoa (Morris et al. 2012). If not properly controlled or mitigated, other several cellular
parameters such DNA integrity and morphological structure are significantly reduced,
hindering the fertilising capacity of the sample.
Cryopreservation of Asian elephant spermatozoa has posed many challenges with the majority
of samples exhibiting low sperm survival and viability after thawing due to these
cryopreservation processes. By contrast, cryopreserved semen from the African elephant has
shown better success with successful births of live calves with AI (Hildebrandt et al., 2012).
Moreover, African elephant spermatozoa has been observed to better survive liquid storage and
in vitro incubation compared to Asian elephant spermatozoa in the same extender (Kiso et al.,
2011). Although the exact causes of this discrepancy are not yet completely understood, one
possible explanation has been attributed to the species-specific differences in sperm membrane
composition. Comparison of the sperm membrane composition between Asian and African
elephant spermatozoa demonstrated that Asian elephant sperm membranes possessed
significantly lower levels of polyunsaturated fatty acids, in particular docosahexaenoic acid
(DHA; 22:6) (Swain and Miller, 2000). The notable species differences in sperm sensitivity to
cryoinjuries implies that species-specific approaches to processing and cryopreservation are
needed.

1.5.2 Pre-freeze cooling and storage
During the process of chilling and freezing, the sperm plasma membrane undergoes transitions
of phases from a fluid liquid crystalline phase to a more rigid gel phase (Crowe et al., 1989).
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Due to the changes at these low temperatures, the membrane becomes more susceptible to cold
shock, the irreversible damage to spermatozoa that occurs when these cells are cooled rapidly
(Drobnis et al., 1993). It is therefore vital to consider these stages when developing a
cryopreservation protocol. Asian elephant spermatozoa have been shown to be sensitive to
cooling-induced damage and require protective extenders containing lipoproteins from egg
yolk to minimise the amount of damage (Saragusty et al., 2005). Furthermore, rapid cooling
by diluting the spermatozoa with chilled extender has resulted in a significant decline in
motility (Saragusty et al., 2009b). Therefore, current elephant spermatozoa protocols require a
slow and gradual cooling (<1⁰C/min) prior to freezing below subzero temperatures.
Maintaining spermatozoa at low temperatures prior to freezing can be beneficial for
transporting to a laboratory with appropriate cryopreservation equipment or applying advanced
ART, such as sperm sex-sorting. Asian elephant spermatozoa stored at 4⁰C for up to 24 hours
prior to freezing has shown significantly poorer sperm survival post-thawing when compared
to samples frozen immediately after cooling (Arnold et al., 2017). Conversely, only post-thaw
progressive motility and other sperm kinematic parameters were found to be negatively
affected when Asian elephant semen samples were stored chilled for an extra 24 hours post
collection and dilution (O'Brien et al., 2013b). Discrepancies in these findings may be
attributed to differences in extenders used or pre-freezing storage temperatures (4⁰C vs 8⁰C,
respectively).
During freezing and thawing, the spermatozoa is highly susceptible to damage due to osmotic
stress influenced by the movement of water and ions across the cell membrane. At slow
freezing rates, there is prolonged exposure of spermatozoa to high extracellular solute
concentrations leading to dehydration. If frozen at rapid rates, the osmotic stress can be
reduced, however, the high amount of remaining intracellular water increases the risk of
intracellular ice development (Amann and Pickett, 1987; Mazur, 1963). These same processes,
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and the rate in doing so, are an important consideration when thawing the spermatozoa. Thus,
successful cryopreservation requires a balanced relationship between chilling, freezing and
thawing regimens and a species-specific application of cryoprotective additives that stabilise
the structural and functional integrity of the sperm plasma membrane. Elephant semen is
usually cryopreserved using either straws over liquid nitrogen (Buranaamnuay et al., 2013;
Kiso et al., 2012; Thongtip et al., 2004) or the more novel method of directional freezing
(Hildebrandt et al., 2012; O'Brien et al., 2013b). Directional freezing has the ability to control
ice crystal propagation by regulating the velocity of the sperm sample through a temperature
gradient thereby minimising cell damage (Arav and Saragusty, 2014). In comparison, the
conventional method of freezing with straws and liquid nitrogen vapor has uncontrolled
velocity and structure of ice crystal propagation. However, the equipment required for
directional freezing is often not accessible to captive elephant facilities, nor is it field-friendly.
Therefore, the process necessitates adequate liquid semen storage and transportation to the
laboratory which may limit its application based on the geographical distance from the
collection site.

1.5.3 Storage temperatures
Current elephant AI protocols which require short transportation of the semen between
facilities will cool the extended semen to low temperatures (typically 4-8⁰C) reducing the
cellular metabolic activity of the spermatozoa which increases the longevity (Barbas and
Mascarenhas, 2009). However, if cooled too quickly or kept at these low temperatures for an
extended time, spermatozoa can experience ‘cold shock’ resulting in structural and functional
damage consequently reducing the fertilising potential (Drobnis et al., 1993). The susceptibility
of spermatozoa to cold shock has been shown to vary significantly among species (Holt et al.,
2005) due to differences in membrane lipid composition (Parks and Lynch, 1992). Although
high quality Asian elephant semen has maintained sperm motility for at least two days at chilled
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temperatures (Graham et al., 2004), the nature of the spermatozoa is considered fragile as the
quality can drastically decline depending on the fresh sperm quality. Asian elephant
spermatozoa are particularly susceptible to DNA damage during chilled storage compared to
other mammalian species (Imrat et al., 2012a), but this may be a reflection of poor initial fresh
semen quality. An Asian elephant ejaculate of initial high quality is essential for acceptable
motility characteristics and low DNA damage after 24 hours of chilled storage (O'Brien et al.,
2013a). Both these sperm parameters are vital for successful fertilisation and embryo
development.
Liquid semen samples from many mammalian species appear to have an optimal storage
temperature. While this is around 4–8⁰C for many species (Love et al., 2002; stallion, O’Hara
et al., 2010; ram) some have found slighter higher temperatures (12-15⁰C) using different
extenders (Althouse et al., 1998; boar, Batellier et al., 2001; stallion) to produce greater sperm
longevity and reduce the cellular injuries associated with cold shock at lower temperatures.
The majority of elephant semen preservation studies have stored spermatozoa at low
temperatures (4–5⁰C), and the reported successful AI pregnancies were with semen stored and
transported at these temperatures (Brown et al., 2004a; Thongtip et al., 2009). Asian and
African elephant semen rapidly declines in all sperm parameters after just 4 hours of storage at
35⁰C (close to body temperature), whereas when stored at room temperature (22⁰C) and chilled
(4⁰C), it can maintain around 50% of its initial motility for up to 12 hours (Kiso et al., 2011).
Whereas other studies have found Asian elephant sperm motility, viability and acrosome and
DNA integrity to decline at the same rate stored at 15⁰C and 4⁰C over 72 hours (Imrat et al.,
2012b). Although the exact effects of temperature during storage may be influenced by the
extender used and desired incubation length, it is recommended that elephant semen be stored
at temperatures below body temperature.
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1.5.4 Extenders
Semen extenders are used for nutritional support and protection which increases sperm survival
during liquid storage and freezing and thawing processes. Basic extenders are commonly made
up of a balanced salt solution, sugars, buffers and often a source of lipids/lipoproteins.
Numerous studies have shown the successful preservation of Asian elephant sperm motility
can be achieved using several different extenders. A simple Tris-citric acid extender
supplemented with egg yolk, adapted from use with domestic species, has demonstrated to
maintain at least 50% of the initial sperm motility and viability for up to 48 hours at 4⁰C with
Asian elephant spermatozoa (Graham et al., 2004). The same study also demonstrated Tris had
superior buffering qualities when compared to a number of other citrate- and phosphate-based
extenders. Buffers are essential for semen extenders to prevent detrimental changes in pH
balance during liquid storage (Graham et al., 1972).
Sugars are also a vital component in the extender to provide an energy substrate for the
spermatozoa during incubation, maintain the osmotic pressure of the medium (Watson, 1979)
and potentially provide cryoprotective benefits (Gomez-Fernandez et al., 2012; Malo et al.,
2010). Reports of glucose transporter proteins on the head and midpiece of Asian elephant
spermatozoa suggest monosaccharides, such as glucose and fructose, may be primary energy
substrates for metabolism (Sajapitak et al., 2018). Furthermore, fructose is the predominant
sugar found in elephant seminal vesicle fluid (Short et al., 1967) and has shown to induce
motility in spermatozoa recovered from the genital tract (Jones, 1973). Similarly, glucose has
been reported in seminal plasma of Asian elephant ejaculates (Kiso et al., 2013) and is the
common choice of sugar for chilling and freezing extenders for Asian elephant spermatozoa.
Spermatozoa from other mammalian species, such as dog, have shown to metabolise several
monosaccharides, including fructose and glucose, with different types of responses to the
sugars (Rigau et al., 2001). There have been minimal studies directly comparing the effect of
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different sugars on Asian elephant survival during chilled storage and cryopreservation and
this is an area that warrants further investigation.
Most cryodiluents for elephant spermatozoa preservation have been adapted from domestic
species. For example, the TEST extender (containing TES and Tris buffers; commonly used in
bovine spermatozoa preservation; Garcia and Graham, 1987) with added glycerol and egg yolk,
has proven to be a relatively simple and effective cryodiluent for Asian elephants (Thongtip et
al., 2009). Other studies have found the cryoprotective capabilities of TEST extender were
superior to HEPT extender which only differs by substituting the buffer TES with HEPES (SaArdrit et al., 2006; Thongtip et al., 2004), although discrepancies between individual elephant
bulls were noticeable. Another cryodiluent proven effective at preserving Asian elephant
semen is the Berliner-cryomedium, a Tris-egg yolk-based extender (Saragusty et al., 2009b).
Berliner-cryomedium has also proven to be a successful cryodiluent for rhinoceros (Hermes et
al., 2009b), hippopotamus (Saragusty et al., 2010) and African elephant (Hildebrandt et al.,
2012) spermatozoa.

1.5.4.1 Lipids and lipoproteins
Another important component of Asian elephant semen extender is lipoprotein, often sourced
from egg yolk. Egg yolk is widely accepted as an effective source of lipoproteins and a nonpermeating agent that protects spermatozoa against cold shock and lipid-phase transition
effects (Drobnis et al., 1993) with shown benefits with numerous species (Fernandez-Santos et
al., 2006; deer, Hermansson and Axner, 2007; cat, Jones and Martin, 1973; ram). Specifically
for Asian elephant spermatozoa it has been found that egg yolk, or the low-density lipoproteins
therein, protect the spermatozoa from chilling injury by increasing membrane fluidity and thus
decreasing the lipid phase transition temperature where most cellular damage occurs (Saragusty
et al., 2005). Semen extenders with either egg yolk or skim milk have been reported to better
maintain motility and progressive motility of Asian elephant spermatozoa after chilled storage
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for 24 hours compared to those extenders without a lipoprotein source (Kiso et al., 2011). As
effective as the lipoproteins in egg yolk are in protecting spermatozoa from cold shock and
cryoinjuries, an alternative source would be beneficial to avoid the transport of animal-based
products that could potentially carry pathogens and disease. Furthermore, extenders with a high
concentration of egg yolk hinder the efficiency of additional in vitro processes such as sperm
sex-sorting (Johnson and Welch, 1999).
The composition of the spermatozoa membrane, which varies between species, can influence
the cells survivability after freezing and thawing. The cholesterol content in the membrane in
particular, is known for its vital functional role in the fertilisation processes but also has strong
influence on the thermotrophic behaviour of the sperm membrane during cooling and freezing
(Darin-Bennett and White, 1977). Supplementing cholesterol into Asian elephant sperm
membranes via co-incubation of cholesterol-loaded cyclodextrins (CLCs) has shown to
significantly improve post-thaw motility and acrosomal integrity (Kiso et al., 2012). Although
the exact mechanisms behind these findings are still not understood, similar results of improved
cryosurvival with CLCs have been observed with spermatozoa from other species (Mocé and
Graham, 2006; bull, Moore et al., 2005a; stallion). However, varying results are observed when
the cholesterol-loaded spermatozoa are used in fertility and in vivo trials (Purdy and Graham,
2004; Spizziri et al., 2010; Tomás et al., 2013). Perhaps CLC can alter the capacitation
requirements of spermatozoa before they can acrosome react in vivo (Spizziri et al., 2010)
which, according to variation in findings across studies, may be species-dependent. Although
post-thaw motility above 50% can be achieved when utilising the additive CLC for Asian
elephant spermatozoa, the fertilising potential of the spermatozoa are yet to be determined.

1.5.4.2 Antioxidants
There is a pre-existing, complex antioxidant system present in semen that scavenges oxygen
radicals, produced during sperm metabolism, and prevents their damaging action under normal
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physiological conditions (Surai et al., 1998). However, the antioxidant system is not potent
enough to prevent lipid and protein peroxidation completely, especially during in vitro storage
when production of reactive oxygen species (ROS) could be enhanced as a result of metabolic
changes, accumulation during extended length of time, and total antioxidant capacity of
seminal plasma being diluted with extenders (reviewed by Agarwal et al., 2014). To overcome
these issues during chilled-storage and cryopreservation, studies have supplemented semen
extenders with exogenous antioxidants (Aurich et al., 1997; stallion, Bucak and Tekin, 2007;
ram, Funahashi and Sano, 2005; boar). Antioxidants can either have preventative actions;
which prevents the formation of ROS by metal chelation or binding proteins (such as
lactotransferrin), or scavenging actions; which remove the ROS already present (such as
glutathione; (Lampiao, 2012). There have been various studies conducted to elucidate the
effectiveness of each individual antioxidant. However, results have been inconclusive as the
benefits of antioxidants are found to be highly species-specific and with varying dosage. To
date, there are no reports of using supplemental antioxidants in Asian elephant semen storage.
There have been reported negative correlations between lipid peroxidation and sperm quality
in this species (Satitmanwiwat et al., 2017; Thongtipsiridech et al., 2011). It is also suspected
that Asian elephant spermatozoa are highly susceptible to in vitro-induced ROS damage due to
the unique composition of fatty acids in the membrane (Cerolini et al., 2000; Saragusty et al.,
2005). Therefore, adding antioxidants to the extender warrants investigation to improve the
quality of Asian elephant spermatozoa during frozen and liquid storage.

1.5.4.3 Cryoprotective agents
Cryoprotective agents (CPAs) are important ingredients in cryodiluents to assist in maintaining
post-thaw sperm quality. Permeable CPAs, such as glycerol and dimethyl sulfoxide (DMSO)
diminish osmotic stress as well as intracellular ice formation by changing the physicochemical
properties of the aqueous phase of the sperm membrane (Holt, 2000a) but success rates are
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species specific. These differences between species likely emanate from differing membrane
biophysical properties. In African elephant semen, Jones (1973) showed DMSO was the
preferred CPA for cryopreservation, whereas in Asian elephants several studies have agreed
glycerol is the best performing CPA (Saragusty et al., 2009b; Thongtip et al., 2004). Other
permeating cryoprotectants, such as DMSO, ethylene glycol and propylene glycol have also
been tested for their utility in cryopreservation of Asian elephant spermatozoa, but the results
have not been as promising (Saragusty et al., 2009b; Thongtip et al., 2004).
At present, glycerol is the cryoprotectant of choice for the cryopreservation of Asian elephant
spermatozoa. Glycerol is still considered the most effective CPA for spermatozoa of the vast
majority of mammalian species, however it can also impose toxic effects on sperm quality and
fertility at high concentrations (Fahy et al., 1990). High concentrations of glycerol have shown
detrimental effects to the post-thaw survival of Asian elephant spermatozoa and therefore
concentrations less than 10% have been suggested (Saragusty et al., 2009b). Glycerol
concentrations as low as 4% (Kiso et al., 2012) and 5% (Thongtip et al., 2004) have even been
used to demonstrate post-thaw sperm survival. To further mitigate the toxic effects of glycerol,
Asian elephant semen cryopreservation protocols benefit from diluting the semen samples with
a secondary extender containing the CPA gradually added after chilling (Kiso et al., 2012).
Certain marsupial species spermatozoa can tolerate high concentrations of glycerol during the
cryopreservation process (Taggart et al., 1996) whereas stallion spermatozoa has generally
shown detrimental post-thaw effects to glycerol as a CPA (Morillo Rodriguez et al., 2012). In
the latter case, amide cryoprotectants, such as methylformamide and dimethylformamide, have
been used as a substitute for glycerol due to their lower molecular weight and higher sperm
permeability (Alvarenga et al., 2005; Morillo Rodriguez et al., 2012). Amides have been
particularly beneficial for ‘bad freezing’ stallions whose spermatozoa show poor survivability
during cryopreservation using glycerol (Alvarenga et al., 2003).
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A large portion of the damage to spermatozoa during the cryopreservation process can be
contributed to the exposure of medium CPAs at room temperature or in a non-frozen state.
Brown et al. (2004a) added 6.25% (v/v) dimethyl sulfoxide (DMSO) to Berlin-cryomedium to
sustain the viability of Asian elephant spermatozoa and improve the success rate of AI trials
utilising chilled stored semen. Conversely, successful Asian elephant AI conceptions have been
achieved with chilled semen in extenders without DMSO supplementation, nor any other
cryoprotectant (Thongtip et al., 2009). There is a lack of research investigating the effects of
CPAs during liquid storage of Asian elephant semen. Investigating the sensitivity and survival
of Asian elephant spermatozoa exposed to various cryoprotectants during a non-frozen state is
an efficient way of determining which might be more toxic and so should be excluded from
further tests and cryopreservation processes.
Cryodiluents can sometimes contain extra non-permeable CPAs to improve the post-thaw
quality of spermatozoa. One such additive is sodium dodecyl (lauryl) sulphate, a surfactant
commonly supplied in the form of Equex STM paste. Equex STM paste has been shown to
improve post-thaw quality in dog (Rota et al., 1997) and boar (Buranaamnuay et al., 2009)
spermatozoa. In Asian elephants, Buranaamnuay et al. (2013) reported Equex STM paste at
final concentrations 0.5-1% (v/v) did not have an effect on the post-thaw motility and
membrane integrity, but there were noticeable improvements in post-thaw viability as
measured by eosin-nigrosin staining. The precise mechanisms by which Equex STM paste
exerts cryoprotective benefits remains undetermined. However, it has been demonstrated that
surfactants are only beneficial in the presence of egg yolk (Pursel et al., 1978); suggesting that
it functions by altering the tertiary structure of the egg yolk lipoproteins thus facilitating a more
efficient interaction with the sperm plasma membrane (Penfold and Moore, 1993).
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1.5.4.4 Seminal plasma
Whether due to the pre-existing concentration of antioxidants or a concoction of other proteins
and constituents, seminal plasma has been shown to be beneficial to the liquid preservation of
Asian elephant spermatozoa. Pinyopummin et al. (2017) demonstrated the presence of seminal
plasma with Asian elephant spermatozoa helped preserve sperm motility compared to when it
was removed. These results correlate with the findings of Rattanapirom et al. (2016) who found
the higher the dilution rate of Asian elephant semen, the greater the decline in sperm motility
and acrosome integrity during chilled storage. This demonstrates the ‘dilution effect’ whereby
increasing the volume of extender added to the semen sample reduces the overall concentration
of seminal plasma and any positive effects it may be imposing on the spermatozoa (Maxwell
and Johnson, 1999). Interestingly, Pinyopummin et al. (2017) also reported seminal plasma
from stallion ejaculates supported greater sperm motility and longevity compared to seminal
plasma from the same elephant bull or others, when stored at 4⁰C. This may be due to proteins
found in the seminal plasma of stallions which have in vitro-protective effects which otherwise
may be lacking from Asian elephant seminal plasma. Investigation on the effects of seminal
plasma during cryopreservation of Asian elephant spermatozoa is limited. Considering the
composition of seminal plasma is known to vary between individuals (Kareskoski and Katila,
2008) and ejaculates (Kiso et al., 2013), which can influence overall semen quality, further
study is warranted into the link between seminal plasma and the preservation of Asian elephant
spermatozoa.

1.6 Concluding remarks and scope of thesis
The declining trends of wild and captive populations of Asian elephants threatens the longevity
of the species. Assisted reproductive technology, such as AI, have been recognised as vital
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tools for genetic management of these endangered species, overcoming the challenges
associated with natural breeding in captivity. However, the utilisation of AI for Asian elephant
breeding management continues to be severely hindered by the inability to consistently collect
high quality ejaculates, rapid sperm quality degradation after chilled liquid storage, and poor
sperm survival after freezing and thawing.
As outlined in this review of the literature, current protocols to reliably collect and preserve
Asian elephant semen have lacked the application to a wider target of ejaculates and elephant
bulls. The enhanced chilled storage and cryopreservation of Asian elephant spermatozoa would
facilitate the widespread dissemination of genetic material and enable more males to participate
in the captive breeding pool by overcoming logistical and economic issues with transporting
animals for natural mating. In particular, the consequences of developing of a reliable Asian
elephant semen cryopreservation protocol would be immense; allowing for a quality semen
sample to be transported worldwide and readily available when it is the optimal time for
inseminating.
To make effective use of both chilled and cryopreserved semen, a better understanding of the
biology of Asian elephant spermatozoa and how this interacts with the variety of preservation
techniques and extender compositions is required. With elucidation of these processes and
components of Asian elephant semen, we can optimise current collecting, chilling and freezing
techniques to aid in improved AI in this species.
This project presents a series of studies designed to increase our understanding of Asian
elephant semen and how various preservation techniques can be altered to improve the in vitro
sperm parameters as measures for fertilising ability for ARTs. This was achieved by
investigation of:
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1) the supplementation of antioxidants, glutathione and lactotransferrin, to chilled storage
extender
2) altering the chilled storage extender with different sugars and the addition of
cryoprotective agents
3) the effects of glycerol and DMSO with and without Equex STM paste during the
cryopreservation process
4) seminal plasma from conspecific and heterospecific sources and its influence on
cryosurvival of Asian elephant spermatozoa
5) the complete Asian elephant seminal plasma proteome as a preliminary study
It is hypothesised Asian elephant sperm quality during liquid storage and after cryopreservation
techniques can be improved by (1) manipulation of the extender via addition of antioxidants,
optimal sugar type and selective choice of the least toxic cryoprotective agents, and (2) the
inclusion of seminal plasma from high quality, conspecific ejaculates. The assessment of
multiple in vitro sperm parameters may explain the fertilising ability of the spermatozoa, thus
the chances of successful conception upon artificially inseminating with a receptive female.
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2.1

Abstract

The use of artificial insemination has become an important tool for captive Asian elephant
breeding management, but the inability to reliably maintain liquid-stored sperm quality
during transport from one elephant-housing institute to another continues to hinder the
efficacy of artificial breeding. One potential issue is the accumulation of reactive oxygen
species in the diluted semen during storage causing damage to spermatozoa and reducing
the longevity of the sample. The current study investigated the effects of supplementing
exogenous antioxidants glutathione (GSH) and lactotransferrin (LTF) to the semen
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extender on Asian elephant sperm quality at two storage temperatures. Seven ejaculates
from two mature elephant bulls (Bull 1; n=6, Bull 2; n=1) were diluted in TEST-egg yolk
extender supplemented with either GSH (2, 5 and 10 mM) or LTF (50, 200 and 500 µg/ml).
Treatments were gradually cooled (<-1°C/min) and stored at either 4⁰C or 15⁰C before
being assessed for total motility, sperm motility index (integrative assessment of total
motility and forward progressive movement) and proportions of spermatozoa with intact
acrosomes and DNA over 72 hours. Controls without supplemented antioxidants were
included. Analysis of the data were performed on each bull separately and showed no
significant interaction between antioxidant and temperature treatment (P>0.05). There was
noticeable variation in responses to storage treatments between the six ejaculates from Bull
1 and the single usable ejaculate from Bull 2. Samples from Bull 1 showed LTF and GSH
did not improve the preservation of sperm parameters when compared to the control. Where
GSH hindered the preservation of sperm motility index for Bull 1, higher values of sperm
motility index than the control were found with Bull 2 (P<0.01). There were no differences
from the control in terms of the preservation ability of GSH and LTF on DNA integrity for
both bulls (P>0.05). Furthermore, when pooling data from Bull 1 over antioxidant
treatment and storage time, spermatozoa stored at 4⁰C were shown to have a higher sperm
motility index (P<0.001) and percentage of intact acrosomes (P<0.05) compared to
spermatozoa stored at 15⁰C. There were no differences found between the storage
temperatures on DNA integrity (P>0.05). Overall, spermatozoa from different bulls
demonstrated different outcomes in sperm quality after exposure to antioxidants. Bull 1
(with the higher number of ejaculates included) showed no improvements in sperm quality
during liquid storage when supplemented with exogenous GSH and LTF when compared
to the control. The single appropriate ejaculate used from Bull 2 can be interpreted as a
preliminary study, which showed potential beneficial signs of 500 µg/ml of LTF with
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improved sperm motility. Altogether with limited sample size, the results indicate GSH (210 mM) supplemented in the extender may inflict detrimental effects on the spermatozoa
and reducing the storage temperature to 4⁰C can improve Asian elephant sperm longevity,
thus maintaining higher fertilising potential when transported for artificial breeding
programs. This study also highlights the difficulties with reliably obtaining high quality
Asian elephant ejaculates from multiple bulls, thus further studies investigating the liquid
storage of Asian elephant spermatozoa are warranted.
Keywords: Asian elephant, spermatozoa, chilled storage, antioxidant, glutathione,
lactotransferrin

2.2

Introduction

Wild and captive Asian elephants (Elephas maximus) populations are under serious threat of
loss of genetic diversity with non-sustainable number and reproductive rates (Olson and Wiese,
2000; Wiese, 2000). In captive situations this is a result of limited access to mature bulls and
the logistical issues surrounding natural breeding. Such low reproductive rates and breeding
inactivity can exacerbate reproductive tract pathologies in female Asian elephants leading to
infertility (Hermes et al., 2004). To circumvent logistical difficulties, the management of
captive elephants has largely shifted its focus towards assisted reproductive technologies, such
as artificial insemination (AI) with preserved semen.
Since no reliable cryopreservation protocol for routine use with Asian elephant spermatozoa
has been established, current AI programs rely on chilled storage to transport the semen sample
to the recipient female (Brown et al., 2004a; Hermes et al., 2007; Thongtip et al., 2009).
However, major constraints are caused by the rapidly deteriorating quality of Asian elephant
spermatozoa stored in a liquid state (Imrat et al., 2012b). This consequently causes limitations
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to sample transport times and geographic distances allowed between elephant-holding
facilities. Dilution with an egg yolk-based extender and storage below body temperature have
been shown to prolong the lifespan of liquid stored Asian elephant spermatozoa (Graham et
al., 2004; Kiso et al., 2011), although a rapid decline in sperm fertilising potential is still evident
over time. Therefore, further investigation into improving the preservation of Asian elephant
sperm quality during liquid storage is highly warranted.
In many species, one of the major causes of declining sperm quality during liquid storage is
increased production of reactive oxygen species (ROS) (Kadirvel et al., 2009). Although found
as a natural by-product of sperm metabolism linked to several normal sperm functions (Aitken,
1995), an over-abundance of ROS is responsible for oxidative stress on the spermatozoa. These
oxidative stresses can cause irrevocable damage, such as membrane lipid peroxidation and
DNA fragmentation (Aitken and Baker, 2006; Koppers et al., 2008). Spermatozoa are
particularly susceptible to oxidative stress due to a high polyunsaturated fatty acid content in
the plasma membrane (Jones et al., 1979). Previous Asian elephant studies have found high
levels of sperm plasma membrane lipid and protein peroxidation to be correlated with poor
semen quality in freshly collected samples (Satitmanwiwat et al., 2017; Thongtipsiridech et al.,
2011). Furthermore, Asian elephant spermatozoa are highly susceptible to DNA damage during
stages of processing and prolonged liquid storage (Imrat et al., 2012b; O'Brien et al., 2013a).
Semen from other species have been shown to naturally contain antioxidants that can buffer
lipid peroxidation (Kelso et al., 1997; Marti et al., 2007), but this endogenous antioxidant
capacity may be insufficient to prevent lipid peroxidation during prolonged storage. One of the
most common methods of mitigating lipid peroxidation is to supplement the semen extender
with exogenous antioxidants. This technique has been shown to protect spermatozoa against
the harmful effects of ROS and improve the preservation of sperm motility and membrane
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integrity during liquid storage in numerous mammalian species including rams (Maxwell and
Stojanov, 1996), dogs (Michael et al., 2009) and boars (Funahashi and Sano, 2005).
Glutathione (GSH) is a non-enzymatic tripeptide which plays an important role as an
intracellular defence mechanism against oxidative stress by promoting the reduction of the
ROS hydrogen peroxide, into water (Luberda, 2005). Naturally occurring concentrations of this
antioxidant in spermatozoa have been shown to decrease during storage and after
cryopreservation (Bilodeau et al., 2000; Gadea et al., 2011). Additionally, the initial
endogenous antioxidant capacity of GSH in semen may be insufficient to preserve sperm
quality during prolonged storage (Gadea et al., 2004). When added to the sperm extender at
concentrations 0.5-5 mM, GSH has shown to protect spermatozoa against many of the harmful
effects of ROS including lipid peroxidation during the chilled storage of boar (Funahashi and
Sano, 2005) and bull (Munsi et al., 2007) spermatozoa.
The glycoprotein lactotransferrin (LTF) has recently been identified in the seminal plasma of
a high percentage of ejaculates with high sperm motility (motility ≥ 65%), and mostly absent
in those with poor sperm motility (motility ≤ 10%; Kiso et al., 2013). Although LTF has been
found in a range of biological fluids, including seminal plasma, its exact effects on spermatozoa
function remains elusive. It is thought to assist in cell binding of iron and act as a natural
antioxidant (Shinmoto et al., 1992). Studies which have investigated the effects of adding
exogenous LTF to the sperm extender have been limited.

However, 500 µg/ml LTF

supplemented in the extender has been shown to preserve sperm membrane functionality, as
assessed by a hypoosmotic swelling test, and to improve motility parameters in frozen-thawed
stallion (Martins et al., 2018) and bovine (Kobayashi et al., 2007) spermatozoa, respectively.
The present study investigated the effects of antioxidants on liquid-stored Asian elephant
spermatozoa. The objectives of this study were to assess (1) the effects of varying
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concentrations of GSH and LTF, and (2) their effectiveness at 4⁰C and 15⁰C, on liquid stored
Asian elephant spermatozoa. Optimising current methods of storing Asian elephant
spermatozoa for use in AI programs may improve the efficacy of current breeding management
of captive populations.

2.3

Materials and methods

2.3.1 Reagents and media
All reagents were sourced from Sigma Aldrich (Sydney, Australia), unless otherwise stated.
An egg yolk-based TEST extender was used, having previously been shown to successfully
preserve Asian elephant spermatozoa (Thongtip et al., 2009). The TEST extender consisted of
241.7 mM Tes [N-tris(hydroxymethyl)methyl-2-aminoethane-sulphonic acid], 95.0 mM Tris(hydroxymethyl)-aminomethane, 22.2 mM glucose and 20% (v/v) egg yolk. The extender was
supplemented with antibiotics penicillin G potassium salt (0.63 mg/ml) and streptomycin
sulfate (1 mg/ml). The solution was clarified by centrifugation for 30 min at 4,000 x g. The
supernatant was collected and used as the TEST extender.
Stocks of antioxidants lactotransferrin (5 mg/ml; from bovine milk) and reduced glutathione
(0.4 M) were made with phosphate-buffered saline (PBS) solution and stored at -20⁰C until
used. Antioxidants were thawed and supplemented in TEST extender the day of use.

2.3.2 Animals
All experimental procedures were carried out with the approval of the Animal Ethics
Committee of the Taronga Conservation Society Australia (4a/04/114 and 4a/06/17).
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Three mature, Asian elephant bulls were included in the study ranging 14-39 years of age. The
three males were held at different zoological institutions across Australia and were all managed
under a protected contact system. Animals were given water ad libitum and fed a varied diet as
managed by each institution. All mature bulls were of proven fertility via either natural mating
or artificial breeding.

2.3.3 Semen collection and processing
Semen samples were collected by manual rectal stimulation of the accessory sex glands as
described by Schmitt and Hildebrandt (1998). Ejaculates were collected into 50 ml tubes which
were changed regularly to segregate fractions and to minimise the chance of urine
contamination. Collection tubes containing fractions of similar motility as assessed upon
collection were pooled. A total of 16 semen collections were attempted with the three bulls.
Upon collection, samples were immediately assessed for volume, colour, consistency and pH
using indicator strips (Sigma Aldrich, St. Louis, MO, USA). Sperm motility was subjectively
assessed under a phase contrast microscope immediately after collection, as described below.
A further aliquot of the fresh sample was reserved for assessment of acrosomal and DNA
integrity as described below. Sperm concentration of fresh samples was calculated through use
of a haemocytometer (Evans et al., 1987). Morphological and viability assessments were
performed on fresh samples using an eosin-nigrosin staining method (Björndahl et al., 2003)
by evaluating a minimum of 200 spermatozoa.
Only ejaculates displaying an initial total motility of ≥50% were used in antioxidant
experiments. Samples meeting this criterion were diluted 1:1 (v/v) with TEST-egg yolk
extender immediately after collection and then transported to the laboratory. Samples were held
at room temperature (20-22⁰C) during processing, dilution and evaluation.
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2.3.4 Experimental design
Diluted semen was divided into 7 aliquots of equal volume, with each aliquot being further
diluted (1:1) with TEST extender supplemented with antioxidants to a final concentration of 2,
5 or 10 mM GSH, or 50, 200 or 500 µg/ml of LTF. A control treatment devoid of antioxidants
was included. All treatments were further divided into 1.5 ml microcentrifuge tubes and
submerged in 200 ml waterbaths at room temperature (22 ± 1⁰C) which were then placed in
either a fridge at 4⁰C or an incubator at 15⁰C for 72 hours (Figure 2.1).

Figure 2.1 Experimental design for the experiment. Asian elephant spermatozoa were diluted
with TEST extender containing various concentrations of glutathione (GSH) or lactotransferrin
(LTF) and stored at either 4⁰C or 15⁰C for up to 72 hours.

Aliquots were taken from each treatment at 0, 3, 6, 18, 24, 48 and 72 hours and warmed to
37⁰C for 5 min before evaluating total motility and kinematic rating. Acrosome integrity
assessment was included at each time point except at 3 hours, and DNA integrity assessment
was included at each time point excluding 3 and 18 hours.

2.3.5 Evaluation of spermatozoa
2.3.5.1

Sperm motility and kinematic rating

Sperm total motility, as a proportion of total spermatozoa displaying flagellar movement, was
subjectively assessed by placing a 10 µl aliquot of sample on a pre-warmed (37⁰C) microscopic
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slide with a 22 x 22 mm cover slip and examined under phase-contrast microscopy by the same
observer. Spermatozoa were considered non-motile if there was no flagellar movement.
Simultaneously, the samples were scored on the kinematic motion of the motile spermatozoa.
Sperm motility status (kinematic rating) was classified as the type of forward progressive
movement of the motile spermatozoa graded on a scale 0-5, where 0 represents no flagellar
movement or forward movement and 5 represents rapid forward progressive movement
(approximately >1 sperm length/second). For an overall sperm motility rating with equal
emphasis on total motility and kinematic rating, a sperm motility index (SMI) as described by
Howard and Wildt (1990) was calculated as follows:
𝑆𝑆𝑆𝑆𝑆𝑆 =

2.3.5.2

(𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 20) + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (%)
2

Acrosomal integrity

Acrosome integrity was assessed by fluorescein isothiocyanate-conjugated Aeachis hypogaea
(peanut) agglutinin (FITC-PNA) as described by Morton et al. (2007). This technique has been
previously used in scimitar-horned oryx (Roth et al., 1998) and rhinoceros species (O'Brien
and Roth, 2000). Briefly, aliquots were first smeared onto labelled slides and air-dried before
fixing in 96% ethanol solution for 30 sec. Slides were then stored cooled (4⁰C) for up to 2
weeks. Immediately before assessment, slides were stained by gently spreading 10-20 µl of
working FITC-PNA solution (100 μg/mL in PBS) over the slide and then incubated for 30 min
in a dark, humidified container at 37⁰C. After incubation, the slides were rinsed in PBS solution
to remove excess stain and allowed to air-dry in the absence of light. Using fluorescent
microscopy (Olympus BX51 with U-MWIB filter; excitation filter 460–495 nm, 1116 emission
filter 510–550 nm, 505 nm dichromatic mirror), acrosomal status of at least 200 spermatozoa
was evaluated (x400) per slide. Spermatozoa were considered to have intact acrosomes if the
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acrosomal cap was evenly stained bright green, or non-intact acrosomes where no, detached or
only faint, patchy green staining of the head region was present.

2.3.5.3

DNA integrity

The integrity of sperm DNA was assessed using Terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL) as previously described with alpaca spermatozoa by KershawYoung and Maxwell (2011). Briefly, aliquots of the diluted spermatozoa were snap frozen in
liquid nitrogen and stored at -80⁰C until assessed. Prior to analysis, the aliquots were thawed
at 37⁰C and then smeared onto a glass slide, allowed to air-dry and fixed in 100% ice cold
methanol for 1 min. Slides were then washed in PBS solution before applying 25 µl of TUNEL
reaction mixture and covering with a 22 x 22 mm coverslip. TUNEL reaction mixture was
made as per manufacturer instructions with the exception that TUNEL enzyme was diluted 1:1
with PBS solution prior to use. Slides were then incubated in a humidified chamber at 37⁰C for
1 hour in the absence of light. After incubation, the slides were washed in PBS solution,
allowed to air-dry slightly, and then counterstained with DAPI (Vector Laboratories, CA, USA)
and covered with a coverslip. A minimum of 200 spermatozoa was assessed with the BX51
fluorescent microscope, as described for acrosomal integrity. The TUNEL reaction mixture
labels DNA strand breaks with fluorescin-dUTP enabling detection of DNA degradation by
fluorescent microscopy. Each spermatozoon was assigned to contain either normal (blue
nuclear fluorescence due to DAPI) or fragmented DNA (green nuclear fluorescence). Negative
(omitting TUNEL enzyme from the reaction mixture) and positive (sperm incubated with 1000
U/ml DNase I at 37⁰C for 30 min) controls were also incorporated when assessing DNA
integrity to validate the test.
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2.3.6 Statistical analyses
Due to the large discrepancies in seminal parameters between bulls, the data was categorised
into bull of origin (Bull 1 = 6 samples, Bull 2 = 1 sample) and analysed separately. All data
were analysed using Linear Mixed Model in GenStat (Version 16, VSN International Ltd.,
Hemel Hempstead, UK) to determine the effects of the antioxidant and storage temperature
treatments, the time of storage, and the interaction between both treatments and time. Data
were assessed for normality and homogeneity of variances by fitted value residual plots.
Antioxidant treatment, storage temperature and time point were included in the fixed model,
and replication via ejaculate was incorporated into the random model. Where interactions were
non-significant (P>0.05), they were dropped from the model. Means were compared on the
basis of least significant difference and all values are reported as calculated means ± standard
error of the mean (S.E.M.) unless stated otherwise. The data was pooled over storage time and
temperature for each bull individually as no significant interaction was found. This provided
stronger statistical analysis, and the ability to calculate averages for each treatment applied the
single sample from Bull 2. The pooled intact acrosome and DNA data from Bull 1 required
transformation via logit calculations to meet the assumptions of normality for the linear mixed
model. Data requiring logit transformations are presented as back-transformed, model-derived
means using reverse logit calculations, and therefore standard errors could not be determined
for these means. A P-value <0.05 was considered to be statistically significant.
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2.4

Results

2.4.1 Fresh seminal parameters
Sixteen semen collections were attempted from three mature bulls; 14 of those samples
contained spermatozoa. Of those 14, only seven ejaculates from two bulls met the minimum
criteria for the study; an initial total sperm motility ≥50% (Figure 2.2).

Figure 2.2 Fresh total motility of ejaculates from collection attempts from three mature Asian
elephant bulls via transrectal massage technique. Each data point represents a single ejaculate.
The dotted line represents the minimum criteria (≥50%) for samples to be selected for further
processing.
* Unable to use for study due to insufficient volume
 No sample with spermatozoa collected
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From the seven ejaculates which met the study criteria (total motility ≥50%), six were collected
from Bull 1 and one from Bull 2. Fresh Asian elephant seminal characteristics from all semen
collection attempts and samples meeting the study criteria, per individual bull, are displayed in
Table 2.1.

Table 2.1 Fresh seminal characteristics (mean ± S.E.M.) of Asian elephant ejaculates
used for the study
All ejaculates ǂ

Ejaculates suitable for study
(tMOT ≥ 50%)

(3 bulls, n=14)

Bull 1 (n=6)

Volume (ml)
pH

18.0 ± 7.1
7.8 ± 0.3

8.1 ± 2.7
8.5 ± 0.1

1.0
9.0

Total motility (%)

45.7 ± 10.0

80.0 ± 6.2

60.0

Kinematic rating a

1.7 ± 0.5

3.0 ± 0.8

1.0

39.6 ± 8.8

70.0 ± 7.9

40.0

1042.6 ± 214.4

445.3 ± 132.8

610.0

Viability (%) b

32.9 ± 6.2

44.9 ± 4.8

66.8

Intact acrosomes (%)

58.1 ± 10.9

91.7 ± 5.3

81.3

97.1 ± 0.9

94.8

91.1 ± 0.6

79.1

Parameter

SMI
Concentration (x106/ml)

Intact DNA (%) c
Normal morphology (%)

72.5 ± 5.1

Bull 2 (n=1)

tMOT; total motility, SMI; Sperm Motility Index
ǂ
Two of the total attempted collections did not result in an ejaculate sample
a

0-5 (0 = no flagellar movement, 5 = rapid forward progressive movement)

b

Viability estimated from eosin-nigrosin staining

c

DNA was only examined on ejaculates used for the study
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2.4.2 Male variation
Total sperm motility, SMI and percentages of spermatozoa with intact acrosomes and DNA
from Bull 2 were consistently lower during the storage period compared to those samples from
Bull 1 (Figure 2.3). Due to this bull effect it was decided to analyse the samples separate for
each bull to avoid potential overriding significant effects.

Figure 2.3 Observed mean ± S.E.M.

total motility (A), sperm motility index (B) and

percentage of intact acrosomes (C) and intact DNA (D), pooled over antioxidant (x7) and
storage temperature (x2) treatments.
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2.4.3 Effects of antioxidants
No significant interactions were found between antioxidant treatment and storage temperature
with either bull for any of the measured sperm parameters (P>0.05); therefore, antioxidant
treatment data was pooled over time and temperature.
Antioxidant treatments gave different results on total motility and SMI depending on the bull.
This gave further justification to the decision to analyse data from each bull separately. For
Bull 1 samples, no antioxidant treatment provided superior preservation capabilities compared
to the control; but extenders supplemented with 200 and 500 µg/ml LTF showed a significantly
higher average total motility compared to all GSH treatments (Figure 2.4a; P<0.001). Similarly,
all samples from Bull 1 with LTF supplementation had significantly higher average SMI,
compared to all samples with GSH (Figure 2.4b; P<0.001). Lower concentrations of GSH (2
and 5 mM) were shown to be detrimental to the spermatozoa, resulting in significantly lower
average SMI values compared to the control in Bull 1 (Figure 2.4b; P<0.001).
Contrary to the results from Bull 1, improvements in sperm motility parameters from the
control were observed by supplementing antioxidants to the extender with the single ejaculate
from Bull 2. Total sperm motility in the 500 µg/ml LTF and 2 and 5 mM GSH treatments
showed significantly higher averages compared to the control for Bull 2 (Figure 2.4c; P=0.002).
Likewise, 500 µg/ml LTF and all GSH concentration treatments (10, 5 and 2 mM) for Bull 2
showed significantly higher average values of SMI compared to the control (Figure 2.4d;
P<0.001). Bull 2 also demonstrated a dose effect on sperm motility parameters for both
antioxidants, whereby the highest concentration of GSH (10 mM) resulted in significantly
lower total sperm motility (Figure 2.4c; P=0.002) and SMI (Figure 2.4d; P<0.001) compared
to the lowest concentration of GSH (2 mM) when pooled over time. Conversely, the highest
concentration of LTF (500 µg/ml) proved superior in total sperm motility (Figure 2.4c;
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P=0.002) and SMI (Figure 2.4d; P<0.001) when compared to lowest concentration of LTF (50
µg/ml).

Figure 2.4 Mean (± S.E.M.) total motility and sperm motility index of Asian elephant
spermatozoa from Bull 1 (A and B; n=6) and Bull 2 (C and D; n=1) pooled over storage
temperatures (4⁰C and 15⁰C) and storage period. Samples stored over 72 hours in extender
supplemented with lactotransferrin at 50, 200 and 500 µg/ml (L50, L200 and L500,
respectively) and glutathione at 2, 5 and 10 mM (G2, G5 and G10, respectively).
a-d

Different superscripts denote significant differences between antioxidant treatments

(P<0.05)
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Antioxidant treatment altered acrosome integrity but not DNA integrity in the samples from
Bull 1. All GSH treatments had significantly lower proportions of intact acrosomes compared
with the control (Figure 2.5a; P<0.001). Increasing GSH concentration was associated with
significantly increased proportions of non-intact acrosomes (P<0.001). DNA integrity was not
affected by antioxidant treatment (Figure 2.5b; P=0.807).

Figure 2.5 Back-transformed (reverse logit) predicted means of percentage of Asian elephant
spermatozoa from Bull 1 (n=6) with intact acrosomes (A) and intact DNA (B), pooled over
storage temperatures (4⁰C and 15⁰C) and 72 hour storage period. Extender supplemented with
lactotransferrin at 50, 200 and 500 µg/ml (L50, L200 and L500, respectively) and glutathione
at 2, 5 and 10 mM (G2, G5 and G10, respectively).
a-d

Different superscripts denote significant differences between antioxidant treatments

(P<0.001)
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The sample analysed from Bull 2 also showed a significant effect of antioxidant treatment on
the percentage of spermatozoa with intact acrosomes. Similar to Bull 1, all GSH concentrations
had significantly lower proportions of intact acrosomes compared with the control in Bull 2
(Figure 2.6a; P<0.001). In addition, the highest concentration of GSH (10 mM) showed
significantly lower levels of acrosome integrity than the lowest (2 mM; P<0.001). Although 10
mM GSH did show a significantly lower percentage of intact DNA than 2 mM GSH with Bull
2 (P=0.042), no treatment was significantly different to the control (Figure 2.6b).

Figure 2.6 Mean (± S.E.M.) percentage of Asian elephant spermatozoa from Bull 2 (n=1) with
intact acrosomes (A) and intact DNA (B), pooled over storage temperatures (4⁰C and 15⁰C)
and 72 hour storage period. Extender supplemented with lactotransferrin at 50, 200 and 500
µg/ml (L50, L200 and L500, respectively) and glutathione at 2, 5 and 10 mM (G2, G5 and
G10, respectively).
a-e

Different superscripts denote significant differences between antioxidant treatments

(P<0.05)
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2.4.4 Effects of storage temperature
When pooling data from Bull 1 samples across antioxidant treatment and time, storage
temperature was found to influence sperm quality. Spermatozoa stored at 4⁰C displayed
significantly higher averages of SMI (P<0.001) and acrosome integrity (P<0.05) when
compared with spermatozoa stored at 15⁰C (Table 2.2). Within the same bull, no significant
differences in total motility (P=0.971) or DNA integrity (P=0.252) were found between storage
temperatures. The sample from Bull 2 had only total sperm motility affected by storage
temperature when data was pooled over time; with spermatozoa stored at 4⁰C exhibiting higher
total motility than at 15⁰C (P<0.05; Table 2.2).

Table 2.2 Effect of storage temperature on sperm quality in liquid stored Asian elephant
spermatozoa. Data pooled over antioxidant treatments and 72 hour storage period and
presented as model-derived means with standard errors of differences (S.E.D.) between
pairs where applicable
Parameter

4⁰C

15⁰C

S.E.D.

P-value

Total motility (%)

Bull 1
Bull 2

54.3
26.2

54.3
24.1

1.1
0.91

NS
<0.05

Sperm motility index

Bull 1
Bull 2

58.7
21.8

54.7
20.5

0.1
0.9

<0.001
NS

Intact acrosomes (%)

Bull 1*
Bull 2

94.4
70.3

93.5
70.1

1.1

<0.05
NS

Bull 1*
Bull 2

96.2
84.6

95.8
84.1

1.4

NS
NS

Intact DNA (%)
NS; non-significant

* Back-transformed means (reverse-logit)

A significant interaction between SMI and storage time was found for both Bull 1 (P<0.001)
and Bull 2 (P=0.02). Spermatozoa from Bull 1 stored at 4⁰C showed significantly higher values
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of SMI compared to spermatozoa stored at 15⁰C from 48 hours (Figure 2.7a; P<0.001). The
SMI of spermatozoa from Bull 2, was significantly greater when spermatozoa were stored at
15⁰C compared to spermatozoa stored at 4⁰C at 6 hours, but significantly lower at 18 hours
(Figure 2.7b; P=0.02). After 24 hours, no differences were found in SMI between storage
temperatures.

Figure 2.7 Mean (± S.E.M.) sperm motility index of Asian elephant spermatozoa from Bull 1
(A; n=6) and Bull 2 (B; n=1) stored over a 72 hour storage period at either 4⁰C (solid line) or
15⁰C (dotted line). Data pooled over antioxidant treatments.
* Asterisks denote significant differences between temperature treatments at a specified time
point (P<0.05)

2.5

Discussion

The current study findings show the effect of antioxidants on liquid stored Asian elephant
spermatozoa may vary between bulls. Based on limited sample size, the results show potential
for improved sperm quality in some individuals. While no improvements in sperm parameters
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were observed with LTF or GSH supplemented in the TEST-egg yolk extender when compared
to the control in Bull 1, addition of 200 or 500 µg/ml lactotransferrin and glutathione at 2, 5
and 10 mM improved the sperm motility index of Bull 2. Glutathione at any concentration
proved detrimental to acrosomal integrity preservation in both bulls. Regardless of antioxidant
response, the study has demonstrated that the long-term survival of Asian elephant spermatozoa
over 72 hours of storage is improved at the lower temperature of 4°C, compared with 15°C.
The composition of the extender is vital for Asian elephant spermatozoa survival during liquid
storage (Graham et al., 2004; Kiso et al., 2011). These results collectively suggest further
research investigating effects of antioxidants during chilled storage to prolong transportation
times for AI and also the potential need to create customisable semen storage protocols for
individual bulls.
The non-protein thiol compound, GSH, is naturally found in semen and has the ability to react
with ROS directly protecting spermatozoa from oxidative stress (Bilodeau et al., 2001). The
sperm quality parameters observed from Bull 1 suggest that the use of GSH as an antioxidant
supplement for Asian elephant spermatozoa is not beneficial. No effect of GSH was found on
total motility over time, but 2 and 5 mM GSH reduced the SMI when compared to the control,
demonstrating that the degree of progressive motion of the spermatozoa was hindered.
Conversely, in the single ejaculate from Bull 2, GSH at 2 and 5 mM improved both total
motility and SMI compared to the control over time. Similar findings of improved sperm
viability and functional integrity have been reported with boar spermatozoa chilled stored at
10°C for 14 days with extender containing 5 mM GSH (Funahashi and Sano, 2005). Similarly,
thawing media supplemented with 1-5 mM of GSH has shown improved preservation of the
DNA integrity and increased the rate of oocyte penetration of frozen-thawed bull spermatozoa
(Gadea et al., 2008). While we did not observe the same preservation effects of GSH with Bull
1 in the current study, these findings are in accordance with the results reported by Câmara et
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al. (2011), in which the addition of GSH to the extender at 5 or 10 mM did not produce any
beneficial effect on ram sperm motility characteristics compared to the control during chilled
storage.
Regardless of the effect on sperm motility characteristics in the current study, GSH
supplementation did exhibit a decrease in acrosome integrity compared to the control with
samples from both bulls. Similar adverse effects of GSH at high concentrations (10 mM) on
sperm quality have been reported with goat (Salmani et al., 2013), stallion (Zhandi and
Ghadimi, 2014) and ram (Sharafi et al., 2015) spermatozoa after chilling and freezing. The
current findings with Asian elephant spermatozoa from both bulls corresponded with this dosedependent effect of GSH; whereby, 2 mM GSH proved less detrimental to acrosome integrity
than those treated with 10 mM GSH. Yet, high a concentration of GSH (10 mM) has shown to
improve the preservation of dog sperm acrosome integrity and result in lower lipid peroxidation
levels after freeze-thawing (Ogata et al., 2015). The higher concentrations of GSH may be
specifically beneficial during cryopreservation due to the different type of stresses imposed on
the spermatozoa; therefore they may not be directly comparable with the current chilled-liquid
storage study. When using lower concentrations of exogenous GSH in the extender (0.5-1
mM), chilled liquid stored bovine (Foote et al., 2002; Munsi et al., 2007) and buffalo (Ansari
et al., 2011) spermatozoa were found to have both improved motility and acrosome integrity.
One of these same studies found that GSH concentrations exceeding 2 mM were detrimental
to sperm motility and acrosome integrity over 5 days of chilled storage when compared to a
control without exogenous antioxidant supplementation (Munsi et al., 2007). These
advantageous concentrations of GSH reported were lower than the range of concentrations used
in the current study and perhaps may have provided different results with Asian elephant
spermatozoa. Further investigations with Asian elephant spermatozoa should pursue lower
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concentrations of GSH with the intention of improving sperm preservation techniques over
long-term chilled liquid storage.
The LTF protein has been found in several biological fluids (Levay and Viljoen, 1995)
including seminal plasma at concentrations ranging 50-500 µg/ml in boar (Roberts and
Boursnell, 1975) and stallion (Inagaki et al., 2002), and in lower quantities ranging 12-197
µg/ml in canine (Kikuchi et al., 2003a) and human (Buckett et al., 1997). The most
distinguishing physiochemical feature of LTF is its ability to sequester iron. This feature
prevents the catalytic action of iron to initiate lipid peroxidation by processing O2 to the
hydroxyl radical H2O2 (Baldwin et al., 1984). It is hypothesised that it is through this process
that LTF protects spermatozoa from oxidative stress. To this extent, LTF concentrations in
seminal plasma have been proposed as an indicator of gonadal health in stallions (Kikuchi et
al., 2003b) and associated with Asian elephant seminal plasma in ejaculates exhibiting high
sperm motility (Kiso et al., 2013). However, the exact mechanisms by which LTF can preserve
sperm parameters are not yet completely understood. The addition of LTF to a chilling extender
ranging from 200-1000 µg/ml has shown no effect on stallion sperm motility and membrane
integrity after 24 hours (Martins et al., 2016). This agrees with the findings from Bull 1 in the
current study whereby more ejaculate replicates showed no improvement in sperm parameters
from LTF treated samples compared to the control. However, supplementing the extender with
500 µg/ml of exogenous LTF has been shown to improve the preservation of membrane
functionality in stallion spermatozoa (Martins et al., 2018) and motility parameters in bovine
spermatozoa (Kobayashi et al., 2007) when frozen-thawed. The single ejaculate from Bull 2
did also exhibit an increase in total motility and SMI over time when exposed to 500 µg/ml
LTF. The limited sample size due to the difficulties in obtaining suitable ejaculates in this study
meant that the power of the statistical analysis was low and the results with Asian elephant
spermatozoa should be interpreted with caution. The trend towards improved parameters
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caused by exogenous LTF warrants further investigation when more acceptable quality Asian
elephant ejaculates from a number of bulls can be obtained.
A difference in the initial quality of samples and the rate of decline over time may correlate
with the observed differences in the responses to exogenous antioxidants between the two bulls
in the current study. The pre-existing total antioxidant capacity of the ejaculate, which can
influence the seminal quality (Khosrowbeygi et al., 2004), can vary between ejaculates and
males which may influence the effects of supplemented exogenous antioxidants during
spermatozoa preservation procedures (Gürler et al., 2015; Lewis et al., 1995). The sample
collected from Bull 2 was of low volume (1 ml), possibly suggesting minimal contribution of
seminal fluid in the ejaculate. The seminal plasma produced by the accessory sex glands is rich
and abundant in numerous proteins which exhibit various antioxidant and protective roles
against the spermatozoa (Gadea et al., 2011; Koca et al., 2003). Seminal plasma, particularly
from high quality Asian elephant ejaculates, has recently been shown to preserve Asian
elephant sperm quality during chilled storage (Pinyopummin et al., 2017; Pinyopummin et al.,
2018). In other species, such as boar and bull, individual male variation has been reported by
means of varying level of pre-existing antioxidant capacity in the spermatozoa and seminal
plasma (Gadea et al., 2004) and responses to exogenous antioxidants (Gadea et al., 2008).
Nevertheless, due to the limited availability of males and acceptable quality samples in the
current study, it is difficult to draw any conclusions from the current study whether varying
effects of exogenous antioxidants is due to male differences. Further antioxidant studies with
more elephant bulls are necessary to investigate these potential effects, which should also
consider initial total antioxidant capacity in the ejaculate.
While small amounts of ROS are necessary for the initiation of many critical sperm processes
for fertilisation (de Lamirande et al., 1997), it is widely accepted that semen handling and
preservation techniques can generate large quantities of ROS which in turn can hinder sperm
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quality and function during long term storage (Chatterjee and Gagnon, 2001; Michael et al.,
2009). The Asian elephant sperm plasma membrane is rich in polyunsaturated fatty acids
(Swain and Miller, 2000) and is therefore susceptible to peroxidative damage with consequent
loss of sperm membrane integrity and motility. It has not been directly shown that ROS are a
major cause of the rapid decline in quality during chilled storage of Asian elephant
spermatozoa, but high levels of lipid peroxidation have been linked to poor motility and
seminal quality in this species (Satitmanwiwat et al., 2017; Thongtipsiridech et al., 2011).
Antioxidants such as GSH supplemented in the extender have been shown to directly reduce
ROS levels during cryopreservation processes in bull semen (Gadea et al., 2008), but no studies
have investigated the direct production of ROS in Asian elephant semen and during processing.
This type of study is limited by the low number of elephant bulls in relatively close proximity
to such sufficient analytic equipment in conjunction with the inconsistency of high quality
samples collected from mature elephant bulls (Kiso et al., 2013). Given the opportunity, it
would be worthwhile for future studies to investigate the direct effects on ROS levels and
identify their contribution to the rapid decline in sperm quality observed in Asian elephant
spermatozoa during preservation processes.
Although the effects of antioxidants on chilled spermatozoa have been examined in several
species, the effects of antioxidants at different storage temperatures have not been widely
investigated. The current study did not find any interaction between antioxidant and storage
temperature treatments. Rather, it demonstrated storing spermatozoa at 4⁰C resulted in
significantly superior preservation of sperm parameters, similar to that reported in ram
spermatozoa (O'Hara et al., 2010). However, Imrat et al. (2012b) has reported differing results
whereby no noticeable differences in sperm quality (total motility, progressive motility,
viability and acrosome and DNA integrity) were observed between Asian elephant
spermatozoa stored at 4⁰C and 15⁰C over 72 hours. Although it is worthy to note within that
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study, samples were selected on the criteria of only high sperm viability, which consequently
meant the average initial motility from the four ejaculates used in the study was low, making
statistical comparisons of sperm motility between treatments difficult over time. This
emphasises that effects of certain storage temperatures or antioxidant treatments may vary
depending on the fresh semen quality upon collecting an Asian elephant ejaculate and may help
explain the discrepancies in response to the two storage temperatures between the two bulls
used in the current study. Samples from Bull 1 stored at 4⁰C showed a greater proportion of
acrosome integrity over the storage period and a higher SMI after 48 hours. The sample from
Bull 2, which was of poorer initial quality, exhibited a greater SMI at 15°C compared to 4°C
after 8of storage but by 18 hours the treatment effects were reversed and spermatozoa at 4°C
showed a greater SMI. This is perhaps a reflection of the metabolism of the spermatozoa which
reduces at cooler temperatures (Hammerstedt et al., 1990). After 6 hours storage at 15°C the
spermatozoa from Bull 2 may be still more metabolically active and less affected by low
temperature inducing damages to the plasma membranes (Saragusty et al., 2005) thus showing
more signs of progressive movement. Perhaps more energy was expended sooner at the higher
temperature, explaining the significant decline in, and consistently lower thereafter, SMI by 18
hours storage at 15°C. This effect was not evident for Bull 1 possibly due to initial quality of
the ejaculates, differences in male susceptibility to cold shock injury (Watson, 1995), or a
greater sample size thereby overriding any brief noticeable differences in storage temperature
early in the storage period (≤18 hours). Further studies with a more ejaculates from a range of
matures bulls are required to investigate these causal factors.
To our knowledge, this is the first study to investigate the effects of exogenous antioxidants
supplemented in the extender on liquid stored Asian elephant spermatozoa. The results of this
study demonstrated that the addition of LTF or GSH did not significantly improve the
preservation of the sperm quality; however, results did vary between males. Moreover,
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deleterious effects on acrosome integrity were shown when 2-10 mM of GSH was
supplemented with samples from both bulls. Investigation into the effects of oxidative stress
and antioxidant systems specific to Asian elephant semen should be further pursued. Although
no improvements in sperm preservation were observed with antioxidant supplementation,
storage at 4⁰C proved to be more beneficial for maintenance of sample quality compared to
15⁰C for the long-term liquid storage of Asian elephant spermatozoa. The effects of storage
temperature and exogenous antioxidant supplementation on sperm parameters observed in this
study suggest that, with further investigation of more ejaculate samples from a wider range of
males, liquid semen storage protocols for Asian elephants can be optimised for the improved
efficacy of artificial breeding in captive situations.
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3.1

Abstract

The current study investigated the effects of substituting different sugars and adding various
cryoprotective agents to the chilling extender of Asian elephant spermatozoa. Ejaculate
samples were collected from mature Asian elephant bulls via transrectal massage and diluted
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in a Tris-egg yolk extender for chilled storage at 4°C for 48 hours. Experiment 1 compared
the sugars glucose (TG), sucrose (TS), trehalose (TT), lactose (TL) and fructose (TF) in the
Tris-based extender. Experiment 2 investigated adding the cryoprotective agents Equex
STM paste (TE), glycerol (TG), glycerol plus Equex (TGE), dimethyl sulfoxide (TD),
dimethyl sulfoxide plus Equex (TDE), methylformamide (TM) or dimethylformamide
(TDM) compared to a control extender (T) without cryoprotective agents. Ejaculates were
categorised into either high quality (HQ) or poor quality (PQ) samples based initial sperm
motility, viability and acrosome integrity and the ability to maintain these sperm parameters
over the 48 hours chilled storage. No significant interactions were found between extender
treatment and storage time for either experiment (P<0.05), therefore means for each
treatment were pooled over storage time. Altering the sugar in the diluent had no effect on
tested parameters in the PQ samples (P>0.05). However, when used for HQ samples, TG,
TT and TL maintained a higher total motility than TS and TF (P<0.05). Acrosome integrity
was also best preserved in TT compared with all other sugar extenders and the same extender
exhibited the highest progressive motility (P<0.05). Results from Experiment 2 showed
extender TD better protected total sperm motility and when combined with Equex (TDE),
retained higher sperm membrane and acrosome integrity when compared to the control over
48 hours of chilled storage (P<0.05). Extenders TE and TM were found to cause a greater
loss of motility parameters within both HQ and PQ samples when compared to the control
(P<0.05). Overall, the current studies demonstrated that various types of sugars and added
cryoprotective agents in the extender influence the preservation of Asian elephant
spermatozoa quality during chilled storage. Trehalose was shown to be the superior sugar
to use for chilled-stored Asian elephant spermatozoa and further studies should confirm the
protective mechanisms and optimal concentrations. Furthermore, DMSO protected Asian
elephant sperm motility during chilled storage and when combined with Equex provided
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further protection to the sperm membrane and acrosome. Improving our understanding of
the ability of Asian elephant spermatozoa to tolerate the stresses caused by these
cryoprotective agents during chilled storage may aid in the optimisation of cryoextenders
and protocols to improve artificial breeding outcomes amongst captive Asian elephant
populations.
Keywords: Asian elephant, spermatozoa, chilled storage, sugars, cryoprotective agents

3.2

Introduction

To overcome difficulties associated with natural breeding in captive situations, artificial
insemination (AI) has become an important tool for sustaining Asian elephant populations
(Brown et al., 2004a; Hermes et al., 2007). Such breeding management is vital for promoting
genetic diversity and increasing reproductive rates among captive elephants. Until there is a
reliable method for the cryopreservation of Asian elephant spermatozoa, AI programs will rely
on the maintenance of high sperm quality via liquid storage at low temperatures during transit
between elephant holding facilities. While AI using chilled spermatozoa has resulted in the
birth of live Asian elephant calves (Brown et al., 2004a), there has only been a few reported
cases and the success rates in terms of live calves born remains low (Thongtip et al., 2009).
The poor survivability of Asian elephant spermatozoa during chilled storage is due to the
inconsistency of fresh semen quality when collecting from males (Hildebrandt et al., 2000a;
Kiso et al., 2011) and the high sensitivity to damage from cold shock (Saragusty et al., 2005).
The decrease in temperature to which Asian elephant spermatozoa are exposed during chilled
storage and cryopreservation induces changes in membrane properties and thereby increases
susceptibility to damage (Saragusty et al., 2005). One of the major factors affecting preserved
sperm quality during liquid storage is the base extender components and additives which
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mitigate the extent of sperm damage occurring during cooling and prolonged storage (Kiso et
al., 2011).
Sugars have long been included in semen extenders as energy substrates, osmotic components
and cryoprotective agents (Watson, 1979). Mammalian spermatozoa require an exogenous
energy source during prolonged storage for the metabolic maintenance of motility and
flagellum movement (Ford, 2006; Ponglowhapan et al., 2004), but the preferred glycolysable
sugar varies between species and storage conditions. Although mammalian species’
spermatozoa have been shown to metabolise monosaccharides such as glucose, fructose and
mannose (Ballester et al., 2000; Rigau et al., 2001), the specific manner of metabolism varies
with species (Rikmenspoel and Caputo, 1966). Moreover, sugar supplementation of semen
extender has been shown to provide protective effects to sperm parameters during in vitro
storage in many species including dog (Ponglowhapan et al., 2004), human (Mahadevan et al.,
1997), boar (Medrano et al., 2005) and deer (Fernandez-Santos et al., 2007). Sugar
concentrations as low as 5 mM can provide beneficial effects during chilled storage as seen
with buffalo spermatozoa (Akhter et al., 2010).
The type of sugar in the extender is an important factor to consider as it has been shown to
influence the ability to preserve motility, viability and acrosomal integrity after chilled storage
and cryopreservation (Yildiz et al., 2000). During the freezing process, sugars, particularly
disaccharides such as trehalose, play a cryoprotective role on spermatozoa by promoting
osmotic dehydration and forming specific interactions with membrane phospholipids, thereby
decreasing intracellular ice crystal formation and improving post-thaw quality (Aisen et al.,
2002; Anchordoguy et al., 1987). However, the effectiveness of these sugars as protective
additives is variable across species and the mechanisms by which these sugars are beneficial
remains to be elucidated. The addition of various sugars during Asian elephant spermatozoa
preservation has not been widely investigated. Multiple extenders have been used to preserve
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Asian elephant spermatozoa, containing various sugars including fructose (Graham et al., 2004;
O'Brien et al., 2013a), lactose and fructose (Saragusty et al., 2009b; Saragusty et al., 2005) or
solely glucose (Thongtip et al., 2009). However, direct comparisons of different sugars and
their effects on sperm parameters during preservation techniques has not yet been investigated
in Asian elephants.
Other additives are often added to the extender to increase sperm longevity. In the case of
freezing extenders, it is necessary to include a cryoprotective agent (CPA) to minimise the
physical and chemical stresses resulting from the cooling, freezing, and thawing of
spermatozoa (Holt, 2000a). Surfactants such as Equex STM paste may also be added to the
freezing extender to modify egg yolk particles thus facilitating a more efficient interaction with
the sperm plasma membrane (Pontbriand et al., 1989). The effects of these CPAs and additives
on spermatozoa during prolonged chilled storage have not been widely studied, especially in
Asian elephant spermatozoa. The most widely used CPAs for most species are glycerol and
dimethyl sulfoxide (DMSO). However, when applied at concentrations required for effective
cryoprotection during freezing and thawing, these CPAs can be detrimental to spermatozoa
during liquid storage due to cytotoxic effects and creating osmotic stress (Barbas and
Mascarenhas, 2009; Fahy, 1986). The sensitivity to these effects by various CPAs is known to
vary considerably among species (Holt, 2000b). Higher post-thaw sperm motility and
acrosome integrity has been seen in cryopreserved Asian elephant spermatozoa when glycerol
has only been added after chilling (Kiso et al., 2012). The beneficial effects of shorter exposure
time to glycerol may suggest a high susceptibility to the chemical toxicity glycerol imposes on
Asian elephant spermatozoa. Studies with Asian elephant spermatozoa have collectively
agreed that glycerol is a superior CPA compared to DMSO for cryopreservation (Saragusty et
al., 2009b; Thongtip et al., 2004). However, after achieving a successful pregnancy with
artificially inseminated chilled-stored spermatozoa, Brown et al. (2004a) reported the inclusion
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of 1-4% DMSO in the semen extender is required to sustain Asian elephant spermatozoa
viability, but no other studies have supported such claims. Investigating potential positive or
negative effects of CPAs during chilled storage would facilitate optimising effective
cryopreservation protocols for Asian elephant spermatozoa.
Variability in the response of spermatozoa to various stimuli has been reported among
individuals within species. The concept of variation in the ability of spermatozoa to sustain
cryopreservation of individual males within a species is commonly noted with stallions
(Amann and Pickett, 1987), boars (Medrano et al., 2002) and sheep (Rickard et al., 2016).
These differences in cryosensitivity may be due to the differences in sperm membrane fluidity
reported between individual males (Giraud et al., 2000) which corresponds to the varying levels
of tolerance to osmotic pressures exerted by CPAs between individual males (Hoffmann et al.,
2011). Spermatozoa from males which provide poor samples or demonstrate poor freezability
have been shown to respond differently to different CPAs during cryopreservation (Chenier et
al., 1998). In the case of collecting semen from elephants, there is even greater variation in
ejaculate quality within individual males (Hildebrandt et al., 2000a; Kiso et al., 2013).
Furthermore, the initial quality of an elephant ejaculate can influence sperm quality after
cryopreservation and other preservation techniques (Imrat et al., 2013). Despite the recognition
of these inter- and intra- male variations, causes are often deliberated amongst current research.
The aim of the current study was to optimise the composition of semen extenders used for the
chilled storage of Asian elephant spermatozoa. Two aspects of extender composition were
investigated separately; (1) the influence of different types of sugars and (2) the effects of
various CPAs added to a Tris-egg yolk based extender on Asian elephant spermatozoa stored
at 4°C over 48 hours. Determination of the optimal extender composition will enhance current
protocols of Asian elephant spermatozoa preservation for AI programs, thus improving captive
breeding strategies.
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3.3

Materials and methods

3.3.1 Reagents and media
All chemicals in this study were purchased from Sigma Chemical Company (Sigma, St. Louis,
MO, USA) unless stated otherwise. For the following experiments a Tris-based extender was
used, having previously shown success in preserving Asian elephant spermatozoa
(Pinyopummin et al., 2017). The Tris extender consisted of 198.1 mM Tris-(hydroxymethyl)aminomethane, 66.6 mM citric acid monohydrate (Merck Millipore, USA), 44.4 mM glucose
and 20% (v/v) egg yolk. The Tris extender was further supplemented with 0.6 mg/ml penicillin
G potassium salt and 1 mg/ml streptomycin sulfate salt. The extender was clarified by
centrifugation at 5,500 x g for 15 min at 4°C. The supernatant was collected and stored at 4°C
and used as the Tris extender within 48 hours.

3.3.2 Animals
All experimental procedures were carried out with the approval of the Animal Ethics
Committee of the Taronga Conservation Society Australia (4a/04/114), the Animal Usage and
Ethics Committee, Kasetsart University (ACKU 01858) and endorsed by the University of
Sydney Animal Ethics Committee (2016/1010).
Nine Asian elephant bulls (20-35 years of age) housed at the National Elephant Institute of the
Forest Industry Organisation, Lampang, Thailand (latitude 18⁰21.60’N and longitude
99⁰14.92’E) were used in these studies. The animals were fed a mixture of pangola grass,
sugarcane, banana and corn and supplemented with concentrated feed (8% protein, 2% fat and
20% fibre).
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3.3.3 Semen collection and processing
Semen samples were collected between July and September 2016 on a weekly basis by manual
rectal massage method (Schmitt and Hildebrandt, 1998). To avoid urine contamination, semen
collecting tubes were changed frequently during the collection process resulting in an ejaculate
collected over multiple fractions. Ejaculate fractions with the highest sperm motility as
assessed under phase-contrast microscopy were pooled and further seminal parameters
recorded. Semen volume, pH (pH indicator strips; Universal indikator, Merck, Germany),
sperm concentration (Neubauer hemocytometer; Evans et al., 1987) and the percentages of
spermatozoa with normal morphology and viability (eosin-nigrosin staining), functional
plasma membranes (hypo-osmotic test) and normal acrosome integrity (Coomassie blue
staining) were determined in fresh semen samples. Samples were held at room temperature
(28–32°C) during processing, dilution and evaluation. The inconsistencies in Asian elephant
ejaculate quality are well documented (Hildebrandt et al., 2000a), with a low percentage
(<14%) of ejaculates displaying high initial sperm motility (>60% motile; Kiso et al., 2013).
Ejaculate samples were only excluded from the study if exhibiting no sperm motility or were
contaminated with urine, as determined by colour and odour. After analysis, semen samples
were divided equally between extender treatments and diluted at a ratio of 1:3. Diluted samples,
in 5 ml tubes, were then completely submerged in a 100 ml waterbath at room temperature,
transferred to a 4°C incubator and stored for up to 48 hours. Sperm parameters were assessed
at 24 and 48 hours post-collection. For assessments not requiring fixation, aliquots of samples
were taken and warmed to 37°C for 2-5 min.
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3.3.4 Categorisation of sample quality
Ejaculate samples were categorised into either high quality (HQ) or poor quality (PQ) groups
based on the quality of sperm parameters total motility, viability and intact acrosomes,
considering results at fresh (after collection) and 24 and 48 hours chilled storage.

3.3.5 Experimental designs
3.3.5.1

Experiment 1: The effects of different sugars on sperm
parameters during chilled storage

A total of 9 ejaculates collected from five elephant bulls were deemed acceptable quality to be
included in Experiment 1. Of those, two ejaculates from different elephant bulls were
categorised as HQ and the remaining seven ejaculates from five elephant bulls were categorised
as PQ. The aim of Experiment 1 was to compare the effects of various sugars in the extender
on chilled-stored Asian elephant spermatozoa. Aliquots of fresh ejaculate samples were diluted
(1:3) with either Tris extender containing glucose (TG) or Tris extender which had glucose
substituted with either sucrose (TS), trehalose (TT), lactose (TL) or fructose (TF). All extenders
had their respective sugar concentration adjusted to 40 mM, as this concentration is
approximately near that found in Tris-glucose-egg yolk extender previously proven to preserve
chilled-stored Asian elephant spermatozoa (Pinyopummin et al., 2017). All extenders were
within the osmolarity range of 292 –328 mOsmol/kg (Osmomat 030 Cryoscopic Osmometer,
Gonotec, Berlin, Germany) and at a pH of 7. Samples were chilled, stored and assessed as
previously mentioned.
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3.3.5.2

Experiment 2: The effects of cryoprotectants on sperm
parameters during chilled storage

A total of 9 ejaculates collected from seven elephant bulls were deemed acceptable quality to
be used for Experiment 2. Of those, two ejaculates from two different elephant bulls were
categorised has HQ and the remaining seven ejaculates from six elephant bulls were
categorised as PQ, as previously described. Each sperm quality group was considered
separately. The aim of Experiment 2 was to investigate the effects of supplementing the
extender with various CPAs on chilled-stored Asian elephant spermatozoa. Fresh ejaculate
samples were diluted with Tris extender (1:3) supplemented with CPAs to achieve final
concentrations as shown in Table 3.1. Samples were then chilled, stored and assessed as
previously mentioned.

Table 3.1 Extender treatments used in Experiment 2. Percentages are final
concentration of CPAs after 1:3 (v:v) dilution with semen, supplemented within
Tris egg-yolk extender
Cryoprotective agent
Treatment

Equex

Glycerol

Dimethyl
sulfoxide

Methylformamide

Dimethylformamide

T (control)

-

-

-

-

-

TE

0.5%

-

-

-

-

TG

-

5%

-

-

-

0.5%

5%

-

-

-

-

-

5%

-

-

TDE

0.5%

-

5%

-

-

TM

-

-

-

4%

-

TDF

-

-

-

-

2%

TGE
TD
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3.3.6 Evaluation of spermatozoa
3.3.6.1

Sperm motility parameters

For sperm motility, both subjective and CASA values were used. Sperm total motility was
subjectively estimated by placing a 10 µl aliquot on a pre-warmed (37⁰C) microscopic slide
with a 22 x 22 mm cover slip and examined under phase-contrast microscopy by the same
observer blind to the type of sample. Spermatozoa were considered non-motile if there was no
flagellar movement. Simultaneously, the samples were given a subjective kinematic rating on
a scale 0-5, where 0 represented no flagellar movement and 5 represented rapid forward
progressive movement (>1 sperm length /sec). For an overall sperm motility rating with equal
emphasis on total motility and forward progressive nature, a sperm motility index (SMI; as
described by Howard and Wildt, 1990) was calculated as follows:
𝑆𝑆𝑆𝑆𝑆𝑆 =

(𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 20) + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (%)
2

The proportions of motile spermatozoa in all fresh semen samples and some diluted semen
samples at 24 hours of chilled storage were evaluated in the field by phase-contrast microscope
(×100–400). Further motility information and sperm kinematic properties of two (Experiment
1) and five (Experiment 2) semen samples at 24 hours (which were able to transfer to the
laboratory on the same day of semen collection and preserving) and all semen samples at 48
hours of chilled storage were evaluated in the laboratory using computer-assisted semen
analysis (CASA; IVOS model 12.0, Hamilton–Thorne Biosciences, Beverly, MA, USA). The
CASA settings used were those described previously for Asian elephant spermatozoa
(Thongtip et al., 2008b). For CASA, a 6-10 µl aliquot of semen was introduced into a 20-mm
2X-CEL chamber (Hamilton–Thorne Biosciences) with a coverslip on a 37°C warming plate.
The slide was then loaded into the CASA and the following kinematic parameters were
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recorded; percentage of motile spermatozoa (MOT, %), percentage of progressively motile
spermatozoa (pMOT; %), average velocity path (VAP, μm/s), straight-line velocity (VSL,
μm/s), curvilinear velocity (VCL, μm/s), amplitude of lateral head displacement (ALH; mm),
beat-cross frequency (BCF; Hz), linearity (LIN; %) and straightness (STR; %). Chilled sperm
were warmed to 37°C on microscope slides for 2-5 min before assessment with phase-contrast
microscopy or CASA.

3.3.6.2

Sperm viability and plasma membrane integrity

For assessment of viability, equal parts of sample were mixed with eosin-nigrosin stain
(Björndahl et al., 2003). Spermatozoa were incubated with the stain for approximately 30
seconds before smearing. The smear was air-dried then evaluated under bright-field
microscopy (×1000) under oil immersion. Spermatozoa were classified as viable (no stain
uptake) or non-viable (partial or complete stain uptake). A minimum of 200 spermatozoa were
evaluated per sample within 8 hours of staining.
The functional integrity of the sperm plasma membrane was evaluated by means of the hypoosmotic swelling test (HOST) as per a modification of the protocol described by Matson et al.
(2009) for Asian elephant spermatozoa. Briefly, a 20 µl aliquot of sample was added to 250 µl
of 100 mOsm/kg hypo-osmotic solution (22.9 mM sodium citrate and 50 mM fructose in
distilled water) and incubated for 30 min at 37⁰C. The spermatozoa were then fixed for later
analysis by adding 20 µl of formalin and storing at 4⁰C. Aliquots were placed on clear slides
with cover slips and assessed under phase-contrast microscopy (x400) and a minimum of 200
spermatozoa were assessed for morphological changes. A positive response to hypo-osmotic
stress (HOST+) resulted in spermatozoa exhibiting signs of either tail coiling or swelling to
various degrees (as described by Jeyendran et al., 1984), indicating normal plasma membrane
integrity and function.
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3.3.6.3

Acrosomal integrity

The acrosomal integrity of the spermatozoa was assessed by means of Coomassie blue staining
technique as described by Larson and Miller (1999). Briefly, 10-20 µl of sample was fixed in
250 µl of 4% paraformaldehyde and stored at 4⁰C until further processing and analysis.
Spermatozoa were then centrifuged (2000 x g, 8min) and washed twice with 500 µl of 0.1 M
ammonium acetate (pH 9.0). The remaining sperm pellet was left with 30-50 µl of ammonium
acetate, and 20 µl of the spermatozoa was placed onto a glass slide, smeared and allowed to
air-dry. Sperm smears were then immersed in Coomassie blue staining solution (0.22% (w/v)
Coomassie Blue G-250 (Merck Millipore, USA), 50% (v/v) methanol, 10% (v/v) glacial acetic
acid and 40% (v/v) deionised water) for 90 seconds before being gently rinsed with tap water
and further air-dried. Stained spermatozoa were evaluated for acrosomal integrity (a minimum
200 spermatozoa per sample) using bright-field microscopy (x1000) under oil immersion.
Spermatozoa exhibiting uniform staining over the acrosomal region were categorised as intact
acrosomes, whereas those that showed non-uniform staining, abnormal shape or lack of
staining altogether in the acrosomal region were categorised as non-intact acrosomes. The
proportion of spermatozoa with intact membranes was recorded.

3.3.7 Statistical analyses
Data were analysed using Linear Mixed Model in GenStat (Version 16, VSN International Ltd.,
Hemel Hempstead, UK) to determine the effects of the extender treatments (sugar type in
Experiment 1, and CPA in Experiment 2), time of chilled storage (24 and 48 hours), sperm
quality (high and poor quality samples) and the interaction between all factors. Each sperm
quality group (HQ and PQ) was considered separately for statistical analysis. The effects of
extender treatment, time and sperm quality were included in the fixed model with bull/ejaculate
as the random model. Non-significant interactions were removed from the fixed model. Data
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were checked for normality and homogeneity of variances using residual plots to meet the
assumptions of the model. Means were compared on the basis of least significant difference
and all values are reported as means ± standard error of the mean (S.E.M.). For all analyses,
statistical significance was defined as P<0.05.

3.4

Results

3.4.5 Fresh seminal characteristics and ejaculate quality
categorisation
3.4.5.1

Experiment 1

Fresh seminal characteristics of ejaculates used for Experiment 1 are summarised in Table 3.2.
Table 3.2 Fresh semen characteristics of Asian elephants used in Experiment 1 categorised into high
and poor quality samples. Data presented as mean ± S.E.M. (range)
Parameter

High quality samples
(2 bulls)

Poor quality samples
(5 bulls)

2

7

Number of ejaculates (N)
Volume (ml)

7.3 ± 0.3

(7.0-7.5)

7.6 ± 1.8

(4.5-18.0)

pH

8.3 ± 0.3

(8.0-8.5)

6.8 ± 0.3

(6.0-8.0)

Sperm concentration (x109/ml)

995.0 ± 260.0 (735-1255)

1763.2 ± 414.9

(505-3643)

Normal morphology (%)

72.1 ± 4.7

(67.4-76.5)

43.1 ± 9.7

(9.3-76.5)

Motility (%)

65.0 ± 10.0

(55.0-75.0)

23.6 ± 6.2

(15.0-60.0)

Kinematic rating (0-5)

4.3 ± 0.3

(4.0-4.5)

3.0 ± 0.5

(1.0-4.5)

Sperm motility index

75.0 ± 7.5

(67.5-82.5)

41.8 ± 7.0

(22.5-75)

Viability (%)

61.5 ± 10.0

(51.5-71.5)

27.6 ± 6.8

(4.5-50.0)

HOST positive (%)*

40.8 ± 15.8

(25.0-56.5)

11.2 ± 4.8

(1.0-31.5)

Intact acrosomes (%)

81.8 ± 7.3

(74.5-89)

24.1 ± 6.3

(9.5-52.0)

* hypo-osmotic swelling test
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The selection of HQ samples was based on initial sperm motility and viability and these
parameters over the 48 hour chilling period. Overall sperm quality varied substantially between
males and between ejaculates from the same male. Total motility data over 48 hours indicated
ejaculates Bull 1a and Bull 2a were superior to all other ejaculates (Figure 3.1A), therefore
categorising them as HQ samples. The same ejaculates showed greater viability over the 48
hour storage period (Figure 3.1B). The remaining ejaculates displayed poor sperm parameters
upon collection and throughout chilled storage. Some ejaculates exhibited high quality
parameters upon fresh assessment but then declined rapidly after 24 hours of chilled incubation
(motility of Bull 2b), hence were grouped into PQ samples for statistical analysis.

Figure 3.1 Mean (± S.E.M.) motility (A) and viability (B) of Asian elephant spermatozoa over
48 hours of chilled storage (4°C) used for Experiment 1. Bulls (1-5) which provided more than
one ejaculate are denoted with a letter (a-c). Ejaculates are categorised into high quality (n=2;
dotted line) and poor quality (n=7; solid line) samples. Data are pooled over extender
treatments.
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3.4.5.2

Experiment 2

Fresh seminal characteristics of ejaculates used for Experiment 2 are summarised in Table 3.3.

Table 3.3 Fresh semen characteristics of Asian elephants used in Experiment 2 categorised into high and
poor quality samples. Data presented as mean ± S.E.M. (range)
Parameter

High quality samples
(2 bulls)

Poor quality samples
(6 bulls)

2

7

Number of ejaculates (N)
Volume (ml)
pH
Sperm concentration (x106/ml)

13.5 ± 2.5

(11-16)

9.5 ± 1.8

(5-18)

7.0 ± 0.5

(6.5-7.5)

7.0 ± 0.3

(6-8)

1008.8 ± 446.3 (562.5-1455)

1548.2 ± 423.7

(505-36442.5)

Normal morphology (%)

87.7 ± 0.3

(87.4-87.9)

45.3 ± 11.4

(9.3-92.1)

Motility (%)

50.0 ± 0.0

(50-50)

19.3 ± 3.2

(10-35)

Kinematic rating (0-5)

2.8 ± 0.3

(2.5-3.0)

2.6 ± 0.6

(0.5-4.5)

Sperm motility index

52.5 ± 2.5

(50-55)

36.1 ± 7.3

(10-62.5)

Viability (%)

70.5 ± 1.0

(69.5-71.5)

22.0 ± 6.9

(4.5-55.3)

HOST positive (%)*

43.3 ± 9.3

(34-52.5)

5.8 ± 1.9

(1-14)

Intact acrosomes (%)

77.3 ± 8.8

(68.5-86)

23.5 ± 6.5

(9.5-57.5)

* hypo-osmotic swelling test
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The selection of HQ samples was based on initial sperm motility, viability and percentage of
spermatozoa with intact acrosomes and these parameters over the 48 hour chilling period.
Ejaculates Bull 1b and Bull 2 were selected for HQ samples due to consistent display of higher
values of all sperm parameters assessed fresh and over 24 and 48 hours chilled storage (Figure
3.2). While the motility of the ejaculate from Bull 2 significantly declined after 24 hours, it
remained in the top three samples with the highest sperm parameters at each measured time
point, hence its inclusion in the HQ sample group. Ejaculates such as Bull 4a showed high
overall motility parameters, but poor non-motility parameters (viability and acrosome
integrity). Conversely, the single ejaculate from Bull 3 showed high non-motility parameters
but poor motility parameters. Both these samples were excluded from HQ samples and
categorised with the remaining samples as PQ samples as they did not consistently display
superior values compared to other ejaculates over all measured sperm parameters. Bull 1
provided both a HQ ejaculate and PQ sample (Bull 1b and 1a, respectively). Bull 2 only
provided a HQ sample although only one ejaculate was collected.
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Figure 3.2 Mean (± S.E.M.) motility (A), viability (B) and percentage of Asian elephant
spermatozoa with intact acrosomes (C) over 48 hours of chilled storage (4°C) used for
Experiment 2. Bulls (1-7) which provided more than one ejaculate are denoted with letters (ab). Ejaculates were categorised into high quality (n=2; dotted line) and poor quality (n=7; solid
line) samples. Data are pooled over extender treatments.
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3.4.6 Experiment 1 - The effects of different sugars on sperm
parameters during chilled storage
With all sperm parameters, no significant interactions between sugar treatment and storage
time were found (P>0.05), therefore data were pooled over 24 and 48 hours for comparisons
between different sugar treatments for all measured sperm parameters mentioned hereafter.
The different sugars had no effect on SMI or sperm viability within either HQ or PQ samples
(P>0.05; Table 3.4). Differences in sugar treatments were observed with other sperm
parameters within HQ samples including total motility, plasma membrane functionality and
acrosome integrity. No effect of sugar treatment was seen with PQ samples for any measured
sperm parameter. In regard to HQ samples, spermatozoa diluted in extender containing glucose,
trehalose and lactose showed higher total motility than extenders containing sucrose and
fructose (Figure 3.3A; P<0.05). Lactose treatments showed a higher proportion of spermatozoa
exhibiting fully functional plasma membrane, as assessed by HOST, compared to fructose
treatments (Figure 3.3B; P<0.05). All other sugar treatments showed no difference in sperm
membrane functional integrity. Spermatozoa diluted with trehalose extender showed higher
proportions of intact acrosomes compared to all other sugar treatments (Figure 3.3C; P<0.05).
Regarding motility parameters as measured by CASA, progressive motility was highest in
trehalose extenders compared to glucose, sucrose and fructose treatments, albeit from a limited
HQ sample size (P<0.05; Table 3.5). Fructose extender displayed spermatozoa which had a
progressive motility lower than trehalose, lactose and sucrose treatments (P<0.05). All other
sperm kinematic parameters measured by CASA were not affected by sugar treatment
(P>0.05).
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Table 3.4 Asian elephant sperm parameters pooled over 24 and 48 hours of chilled storage
(4°C) in Tris extender containing either glucose (TG), sucrose (TS), trehalose (TT), lactose
(TL) or fructose (TF). Data presented as means ± S.E.M. No significant differences found
between treatments (P>0.05)
High quality samples

Poor quality samples

(2 ejaculates, 2 bulls)

(7 ejaculates, 5 bulls)

Treatment

Sperm Motility
Index

Viability
(%)

Sperm Motility
Index

Viability
(%)

TG

61.3 ± 0.7

50.4 ± 3.6

9.1 ± 3.0

14.6 ± 2.6

TS

62.5 ± 2.3

49.4 ± 4.1

10.2 ± 3.3

15.5 ± 3.1

TT

65.0 ± 1.0

50.1 ± 2.2

9.6 ± 2.7

16.9 ± 3.6

TL

65.0 ± 1.8

48.6 ± 4.2

9.8 ± 3.0

18.4 ± 3.7

TF

66.3 ± 3.9

48.9 ± 3.4

11.4 ± 2.8

15.8 ± 2.9

(N)

4

4

14

14

(N), Number of observations per sugar treatment
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Figure 3.3 Mean ± S.E.M. of total motility (A), percentage of hypo-osmotic swelling test
(HOST) positive results (B) and percentage of Asian elephant spermatozoa with intact
acrosomes (C) over 48 hours of chilled storage (4°C) in Tris extender containing either glucose
(TG), sucrose (TS), trehalose (TT), lactose (TL) or fructose (TF). Ejaculates were divided into
high (n=2) or poor (n=7) quality samples. Data are pooled over 24 and 48 hour time points and
presented as means ± S.E.M. Differing superscripts within the same sperm quality group denote
significant differences between treatments (P<0.05).
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Table 3.5 Asian elephant sperm motility parameters as measured on CASA, pooled over 24 and 48 hours of chilled
storage (4°C) in Tris extender containing either glucose (TG), sucrose (TS), trehalose (TT), lactose (TL) or fructose
(TF). Data are presented as means ± S.E.M.
High quality samples (2 ejaculates, 2 bulls)
pMOT (%)

VAP
(µm/s)

VSL
(µm/s)

VCL (µm/s)

ALH
(µm)

BCF (Hz)

LIN (%)

STR (%)

TG

12.3 ± 1.9 cd

75.3 ± 1.0

55.5 ± 2.6

122.0 ± 5.5

6.5 ± 0.3

21.6 ± 2.4

46.8 ± 3.9

71.0 ± 2.6

TS

13.5 ± 3.0 bc

80.7 ± 7.0

61.7 ± 6.0

127.5 ± 13.9

6.2 ± 0.5

21.2 ± 1.4

50.3 ± 5.7

73.0 ± 3.9

TT

17.0 ± 2.0 a

77.7 ± 6.5

58.4 ± 4.5

126.5 ± 15.4

6.1 ± 0.4

23.6 ± 1.0

49.3 ± 4.6

73.0 ± 2.8

TL

15.5 ± 4.3 ab

78.1 ± 6.9

58.6 ± 6.9

126.6 ± 10.6

6.4 ± 0.5

21.6 ± 1.3

48.0 ± 5.2

71.8 ± 3.4

TF

10.0 ± 2.5 d

71.8 ± 5.5

54.6 ± 5.6

114.4 ± 8.5

5.6 ± 0.4

23.2 ± 1.9

48.8 ± 4.3

72.8 ± 2.5

4

4

4

4

4

4

(N)

4

4

Low quality samples (7 ejaculates, 5 bulls)
pMOT (%)

VAP
(µm/s)

VSL
(µm/s)

VCL (µm/s)

ALH
(µm)

BCF (Hz)

LIN (%)

STR (%)

TG

0.3 ± 0.2

37.8 ± 6.6

25.3 ± 4.6

67.0 ± 11.5

3.9 ± 1.2

14.3 ± 2.6

30.6 ± 5.4

51.3 ± 8.7

TS

0.3 ± 0.2

45.5 ± 4.4

29.9 ± 3.6

81.9 ± 7.0

3.6 ± 1.0

17.8 ± 1.7

37.2 ± 2.4

63.2 ± 2.0

TT

0.6 ± 0.2

50.7 ± 4.1

34.9 ± 4.8

81.8 ± 5.7

4.9 ± 1.2

16.0 ± 1.6

41.2 ± 4.0

61.5 ± 4.8

TL

0.3 ± 0.2

44.3 ± 5.9

28.7 ± 4.4

75.1 ± 9.8

3.7 ± 1.1

15.3 ± 2.4

33.8 ± 4.3

55.6 ± 6.7

TF

0.7 ± 0.3

47.3 ± 5.9

31.6 ± 4.2

80.9 ± 9.5

4.7 ± 1.3

15.6 ± 2.4

35.3 ± 4.3

56.1 ± 6.4

(N)
10
10
10
10
10
10
10
10
pMOT, progressive motility; VAP, average velocity path; VSL, straight-line velocity; VCL, curvilinear velocity; ALH,
amplitude of lateral head displacement; BCF, beat-cross frequency; LIN, linearity; STR, straightness; (N), number of
observations per sugar treatment. Within sperm quality groups, different letters (a-d) denote significant differences
between treatments (P<0.05).
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3.4.7 Experiment 2 - The effects of cryoprotectants on sperm
parameters during chilled storage
No significant interactions were found between CPA treatment and storage time with any
sperm parameter (P>0.05); therefore data were pooled over 24 and 48 hours for comparison
between different CPA treatments within each sperm quality grouping. Within HQ samples,
extender TE resulted in a lower average sperm motility and SMI compared to the control
(P<0.05; Figure 3.4A & B). Likewise, within both HQ and PQ samples, extender TM decreased
SMI over 48 hours chilled storage (P<0.05; Figure 3.4B). Within PQ samples, dilution in
extender TGE resulted in a decrease of SMI compared to the control (P<0.05; Figure 3.4B).
Also within PQ ejaculates, TDE resulted in higher sperm motility and SMI than both amides,
TM and TDF (P<0.05; Figure 3.4A & B). Within HQ sample, TD, TDE and TDF gave higher
sperm motility and SMI than TM (P<0.05; Figure 3.4A & B). Treatments with DMSO (TD and
TDE) showed higher sperm motility than those with glycerol (TG and TGE) within HQ sample
(P<0.05; Figure 3.4A). However, no differences were found between DMSO and glycerolcontaining extenders in regard to SMI of HQ samples (P>0.05), but the same superior results
of DMSO were found within PQ samples (P<0.05; Figure 3.4B). Extenders with solely Equex
(TE) resulted in significantly lower sperm motility and SMI than the control (T) in HQ samples
(P<0.05; Figure 3.4A & B). The only significant improvement in subjective motility
parameters from the control was found within HQ sample, whereby the average sperm motility
was higher in TD compared to T (P<0.05; Figure 3.4A).
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Figure 3.4 Mean (± S.E.M.) total motility (A) and sperm motility index (B) of Asian elephant
spermatozoa stored at 4°C over 48 hours in Tris extender supplemented with either no
cryoprotective agent (T, control), Equex STM paste (TE), glycerol (TG), glycerol and Equex
(TGE),

DMSO

(TD),

DMSO

and

Equex

(TDE),

methylformamide

(TM)

or

dimethylformamide (TDM). Ejaculates are divided into high (n=2) or poor (n=7) quality
samples. Data pooled over 24 and 48 hour time points and presented as means ± S.E.M. Within
sperm quality groups, different letters (a-e) denote significant differences between treatments
(P<0.05).
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Neither HQ nor PQ samples showed an effect of adding CPA to the extender on sperm viability
(P>0.05; Figure 3.5A). The average percentage of spermatozoa with proper plasma membrane
functionality, as assessed by HOST, was found to be higher with extenders TGE and TDE
when compared (T) to the control and amide treatments (TM and TDF) within HQ samples
(P<0.05; Figure 3.5B). Similarly, TDE resulted in a higher proportion of spermatozoa with
intact acrosomes when compared to the control (T) within HQ samples (P<0.05; Figure 3.5C).
Extenders TGE and TDE also resulted in a greater percentage on intact acrosomes than amide
treatments (TM and TDF) across HQ samples (P<0.05; Figure 3.5C). No significant effects on
membrane functionality and acrosome integrity were observed across PQ samples (P>0.05;
Figure 3.5B & C).
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Figure 3.5 Mean (± S.E.M.) percentage of viability (A), hypo-osmotic swelling test (HOST)
positive spermatozoa (B) and Asian elephant spermatozoa with intact acrosomes (C) after 48
hours of chilled storage at 4°C in Tris extender supplemented with either no cryoprotective
agent (T, control), Equex STM paste (TE), glycerol (TG), glycerol and Equex (TGE), DMSO
(TD), DMSO and Equex (TDE), methylformamide (TM) or dimethylformamide (TDM).
Ejaculates are divided into high (n=2) or poor (n=7) quality samples. Data pooled over 24 and
48 hour time points and presented as means ± S.E.M. Within sperm quality groups, different
letters (a-d) denote significant differences between treatments (P<0.05).
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Sperm motility and kinematic parameters measured by CASA showed no averages higher than
the control when pooled over 48 hours chilled storage (Table 3.6). Compared to the control (T)
of HQ samples, lower progressive motility was observed within extenders TE, TG, TGE and
TM (P<0.05; Table 3.6). Extender TM resulted in lower VAP, VCL, LIN and STR compared
to the control (T) within PQ samples (P<0.05; Table 3.6). Extenders TG and TGE also showed
lower VCL than extender T across PQ samples (P<0.05; Table 3.6).
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Table 3.6. Asian elephant sperm motility parameters as measured on CASA, pooled over 24 and 48 hours of chilled storage (4°C)
in Tris extender supplemented with either no cryoprotective agent (T, control), Equex STM paste (TE), glycerol (TG), glycerol and
Equex (TGE), DMSO (TD), DMSO and Equex (TDE), methylformamide (TM) or dimethylformamide (TDM). Data divided into
high quality and poor quality samples and presented as means ± S.E.M.
High quality samples (2 ejaculates, 2 bulls)
pMOT (%)

VAP (µm/s)

VSL (µm/s)

VCL (µm/s)

ALH (µm)

BCF (Hz)

LIN (%)

STR (%)

T

6.3 ± 4.4 ab

70.0 ± 7.8 a

52.1 ± 8.4

110.9 ± 10.7 a

7.2 ± 1.0

21.8 ± 1.3

47.3 ± 4.4 a

70.3 ± 3.8

TE

0.7 ± 0.3 e

33.2 ± 16.7 c

24.3 ± 12.1

55.3 ± 27.7 c

5.0 ± 2.6

14.6 ± 7.4

28.7 ± 14.4 b

45.7 ± 23.1

TG

3.0 ± 1.7 cde

55.4 ± 6.9 ab

41.2 ± 5.1

89.4 ± 8.6 ab

6.2 ± 1.4

25.6 ± 1.2

46.3 ± 1.3 ab

71.7 ± 1.5

TGE

1.3 ± 0.9 e

47.7 ± 3.5 bc

36.6 ± 5.1

75.1 ± 5.7 bc

5.0 ± 1.1

25.1 ± 2.3

50.0 ± 4.4 a

73.0 ± 5.8

TD

7.3 ± 1.7 a

58.8 ± 3.6 ab

48.1 ± 2.1

96.0 ± 6.2 ab

6.7 ± 1.0

28.7 ± 1.0

46.7 ± 2.7 ab

72.3 ± 3.9

TDE

4.0 ± 1.2 bcd

53.4 ± 3.4 abc

42.5 ± 2.1

83.4 ± 6.2 abc

7.2 ± 1.3

25.2 ± 3.2

50.7 ± 4.8 a

49.5 ± 20.5

TM

2.0 ± 2.0 de

46.8 ± 9.0 bc

32.2 ± 7.0

76.9 ± 16.1 bc

3.9 ± 2.3

17.9 ± 4.8

42.7 ± 2.9 ab

66.3 ± 2.2

TDF

4.7 ± 1.9 bc

60.3 ± 6.1 ab

44.4 ± 4.3

100.4 ± 7.7 ab

7.3 ± 0.8

25.5 ± 0.9

43.3 ± 1.2 ab

69.3 ± 2.0

(N)

3

3

3

3

3

3

ALH (µm)

BCF (Hz)

LIN (%)

STR (%)

3

3

Poor quality samples (7 ejaculates, 6 bulls)
pMOT (%)

VAP (µm/s)

VSL (µm/s)

VCL (µm/s)

T

0.5 ± 0.3

46.9 ± 3.9 a

31.0 ± 3.9

79.3 ± 7.8 a

4.0 ± 1.2

22.7 ± 2.8

37.4 ± 3.0 a

60.0 ± 4.7 a

TE

1.5 ± 0.7

41.7 ± 7.4 a

30.3 ± 6.8

63.2 ± 11.9 ab

4.4 ± 1.4

21.9 ± 4.5

39.6 ± 7.5 a

57.1 ± 10.5 a

TG

0.1 ± 0.1

35.8 ± 6.5 a

28.1 ± 6.0

57.1 ± 10.1 b

2.8 ± 1.2

15.8 ± 3.6

35.9 ± 6.9 a

55.0 ± 10.2 a

TGE

0.3 ± 0.2

36.1 ± 5.9 a

26.5 ± 4.8

56.8 ± 9.6 b

3.4 ± 1.3

18.0 ± 3.5

42.0 ± 7.5 a

60.3 ± 9.5 a

TDM

0.4 ± 0.3

45.3 ± 3.9 a

30.3 ± 3.8

77.6 ± 6.5 a

6.7 ± 1.3

22.3 ± 2.0

37.8 ± 2.2 a

61.5 ± 3.4 a

TDE

1.5 ± 0.9

43.8 ± 6.9 a

31.9 ± 5.7

68.6 ± 10.3 ab

5.6 ± 1.3

16.9 ± 3.2

39.6 ± 6.5 a

59.5 ± 9.1 a

TM

0.0 ± 0.0

5.2 ± 5.2 b

3.6 ± 3.6

9.9 ± 9.9 c

1.0 ± 1.0

2.6 ± 2.6

4.6 ± 4.6 b

8.1 ± 8.1 b

TDF

0.1 ± 0.1

37.2 ± 7.3 a

23.7 ± 5.1

61.5 ± 11.2 ab

2.4 ± 1.5

21.4 ± 6.1

33.9 ± 5.4 a

54.0 ± 8.1 a

(N)

8

8

8

8

8

8

8

8

pMOT, progressive motility; VAP, average velocity path; VSL, straight-line velocity; VCL, curvilinear velocity; ALH, amplitude
of lateral head displacement; BCF, beat-cross frequency; LIN, linearity; STR, straightness; (N), number of observations per sugar
treatment. Within sperm quality groups, different letters (a-d) denote significant differences between treatments (P<0.05).
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3.5

Discussion

This study demonstrated for the first time the potential to improve Asian elephant sperm
storage by use of trehalose and DMSO with Equex in the extender. Within the limited HQ
samples, trehalose proved superior protection against sperm acrosomal damage compared to
all other sugars, and greater progressive motility than most of the other sugars. It must be
restated these findings are drawn from a limited sample size of HQ ejaculates from only two
bulls, thus further investigation is highly warranted. This study further confirms the
inconsistencies, and thus the difficulties, with obtaining high quality ejaculates from a range of
males to use in assisted breeding procedures or sperm preservation studies for Asian elephants.
Amides in the extender proved detrimental to sperm membrane functionality and acrosome
integrity compared to CPAs glycerol and DMSO. Previous studies have compared various
chilling extenders, commonly adapted from domestic species, for preservation of Asian
elephant spermatozoa (Graham et al., 2004; Imrat et al., 2012b; Kiso et al., 2011), but to date
the direct comparison of different sugars and CPAs added to the extender have not been
investigated in this species. The potential benefits of trehalose and DMSO found from the
present study has provided new insight into the interactions of Asian elephant spermatozoa
with extender components during chilled storage for 48 hours. These findings are an important
step towards optimising current Asian elephant spermatozoa extenders for chilling and
cryopreservation which is fundamental for improving AI protocols for captive breeding
management.
The preservative capabilities of various sugars and CPAs added to the extender were more
variable with HQ samples; ejaculates displaying higher sperm parameters upon collecting and
throughout chilled storage. However, it is important to note the limited sample size of HQ
ejaculates and therefore interpretation of the statistical analyses should be done with caution.
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The phenomenon of inconsistent Asian elephant ejaculate quality observed within captive bulls
worldwide has been well documented (Hildebrandt et al., 2000a; Kiso et al., 2013). When
categorising ejaculates in HQ or PQ sample groups, intra-male variation of ejaculate quality
was quite noticeable. This has been previously reported in Asian elephants whereby the same
bulls have produced both high and poor quality ejaculates over time (Kiso et al., 2013), for
reasons which are still not understood. This imposes significant limitations to Asian elephant
semen preservation studies as the ability to store spermatozoa in a liquid or frozen state can
heavily depend on the initial ejaculate quality before storage (Johnson et al., 2000; Vishwanath
and Shannon, 2000). There is currently no effective method to improve poor quality Asian
elephant ejaculates, therefore poor ejaculates will only remain at suboptimal sperm quality for
AIs or worsen over time. The PQ samples in the current studies were often characterised by a
rapid decline in sperm parameters over time perhaps due to the higher abundance of non-viable
spermatozoa in the sample. The concentration of non-viable spermatozoa in the ejaculate has
been reported to be proportional to the prevalence of storage-related sperm death (Brinsko et
al., 2003; Martinez-Alborcia et al., 2012). It has been established that defective and dead
spermatozoa are a substantial source of reactive oxygen species (Koppers et al., 2008; Roca et
al., 2016) and therefore likely initiate an autonomous and self-perpetuating cycle of reactive
oxygen species production due to more dying cells in the sample. As a result, the poor quality
of these samples makes it difficult to distinguish statistical differences between treatments,
which is why HQ samples are preferred for research and applied assisted reproductive
technologies.
The direct comparison of sugars during chilled storage of spermatozoa has been studied in
other species, but to our knowledge no such studies have been applied to Asian elephant
spermatozoa. The current study found the sugars glucose, trehalose and lactose provided
greater protection to sperm motility over 48 hours of chilled storage than sucrose and fructose.
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These results agree with the findings of Sariözkan et al. (2012) who reported trehalose added
to the extender to result in a higher total motility compared to fructose with chilled storage of
rat spermatozoa over 12 hours. However, contrasting results have been reported with dog
spermatozoa, whereby testing these same sugars during 2-3 hours of chilled storage, fructose
preserved significantly higher proportion of motile spermatozoa than glucose and sucrose
(Yildiz et al., 2000). Discrepancies between these studies and Asian elephant spermatozoa may
be due to a combination of the incubation time and the manner in which different species’
spermatozoa metabolise and interact with different sugars (Rikmenspoel and Caputo, 1966).
Sugar is commonly added to a semen preservation extender as a source of energy for the
flagellar movement of spermatozoa. The important role of sugar in supporting sperm motility
has been reported in numerous species including human (Mahadevan et al., 1997), dog (Rigau
et al., 2001) and rat (Sariözkan et al., 2012). The presence of sugars in extenders have even
shown extended benefits such as improved preservation of other sperm parameters such as
morphology and DNA integrity during chilled storage (Sariözkan et al., 2012). Glucose and
fructose are generally considered the main monosaccharides which most spermatozoa can
metabolise (Mann and Lutwak-Mann, 1981) although the specific manner of metabolism varies
with different species (Baronos, 1971). The preferred type of sugar which is metabolised by
the spermatozoa has also been shown to vary over time during chilled storage (Ponglowhapan
et al., 2004). The type of sugars which Asian elephant spermatozoa can, or prefer to, metabolise
is not completely understood. Fructose is believed to be a major constituent in Asian elephant
seminal plasma produced by the seminal vesicles as found in the African elephant (Short et al.,
1967). Glucose has also been detected in Asian elephant seminal plasma, even varying in
concentration depending on the fresh sperm motility of the ejaculate (Kiso et al., 2013).
Glucose transporter proteins have also been identified on the principal and end piece of the
Asian elephant spermatozoa tail (Sajapitak et al., 2016). Therefore, it may be speculated that
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Asian elephant spermatozoa metabolise both glucose and fructose for energy production.
Interestingly, the present study found fructose in the extender resulted in the poorest preserved
motility and the lowest proportion of spermatozoa exhibiting functional plasma membranes
and acrosomes over 48 hours of chilled storage. Similar trends were observed with sucrose;
also resulting in lower sperm motility compared to other sugars. Sucrose is composed of two
monosaccharides, glucose and fructose, linked by a glycosidic bond. Perhaps sucrose is being
hydrolysed into its two subunits, therefore fructose added to the extender from either source is
leading to detriment of preservation capability of sperm parameters during chilled storage. The
ability to metabolise different sugars and the level of efficiency of metabolism will depend on
certain enzymes to be present and pathways available to Asian elephant spermatozoa. Future
studies are warranted to understand these processes relating to Asian elephant spermatozoa
during chilled storage.
The various types of sugars in the extender are known to have differing influence over the
preservation of sperm parameters during chilled storage and cryopreservation. Disaccharides
have been found to stabilise sperm plasma membranes by interacting with polar head groups
of phospholipids (Aisen et al., 2002). These sugars form hydrogen bonds with the
phospholipids which are thought to render the membrane less vulnerable to the changes that
occur during exposure to low temperatures and consequently prevents deleterious alteration to
the sperm plasma membrane (Aboagla and Terada, 2003). The cryoprotective effects of the
disaccharide trehalose have been shown through improved post-thaw quality in ram (Aisen et
al., 2002), boar (Malo et al., 2010) and goat (Aboagla and Terada, 2003) spermatozoa.
Although described as a membrane stabiliser during low temperatures, trehalose in the current
study did not show significant improvements in membrane functionality nor viability compared
to other sugars and perhaps these benefits are only applicable during cryopreservation
processes. Previous studies have shown trehalose fail to preserve motility after freeze-thawing
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Asian elephant spermatozoa and, although exceeding concentrations of 100 mM in the
extender, even resulted in complete loss of motility before freezing (Saragusty et al., 2009b).
From the current study, trehalose was found to be one of the better sugars to include in the
extender at 40 mM. The proportion of spermatozoa with preserved intact acrosomes and
progressive motility was higher with trehalose extender when compared to other sugars over
48 hours of chilled storage. Trehalose has been used in the extender to shield sperm membranes
from the deleterious effects of chilled storage in other species including ram (Bucak and Tekin,
2007) and dog (Yildiz et al., 2000), but comparing its direct superiority over other sugars during
chilled storage has not been widely investigated. Exact causes of the beneficial effects observed
by trehalose in the chilling extender in the current study remain unknown. Additional studies
are warranted to investigate the potential benefits of combining trehalose with other sugars in
the extender for elephant semen.
While CPAs are essential for sperm survival during cryopreservation, their addition to the
extender creates a hyperosmotic environment for the cells (Pegg, 2007) resulting in osmotically
driven volume changes and potential osmotic damage (Hammerstedt et al., 1990). This may be
the cause of the decrease in sperm quality during chilled storage. The osmotic tolerance can be
dependent on the sperm plasma membrane and its permeability to certain CPAs, hence why
species differences in tolerance towards different CPAs is noticeable (Gilmore et al., 1998;
Watson, 1979). The permeability and tolerance of Asian elephant spermatozoa towards various
CPAs has not been widely studied during chilled preservation.
In addition to causing osmotic damage, CPAs can cause loss of cell viability due to chemical
toxicity. Consequently, a loss of sperm motility can result from prolonged exposure to CPAs.
Glycerol is the most commonly used cryoprotectant for spermatozoa of most species but has
been demonstrated to cause toxic effects to the spermatozoa above a species-specific threshold
concentration (Fahy, 1986; Holt, 2000b). Although the addition of glycerol to the extender has
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been fundamental to the cryopreservation of Asian elephant spermatozoa (Saragusty et al.,
2009b; Thongtip et al., 2004), the current study found no overall benefit of adding glycerol to
the chilling extender. The detrimental effects of glycerol were most pronounced in the current
study with significant reductions in progressive motility and VAP in HQ samples compared to
the control. Although no significant loss of total motility was found in the current study, the
detrimental effects of glycerol to rat sperm motility have been reported within relatively short
exposure times (30 minutes) of chilled storage (Varisli et al., 2009). The effects of chemical
toxicity of glycerol can be lessened by reducing the equilibration prior to freezing. Therefore,
a two-step dilution protocol has been adapted for the cryopreservation of Asian elephant
spermatozoa whereby glycerol added after cooling and immediately before freezing has found
to result in greater post-thaw quality (Kiso et al., 2012). However, chilled equilibration with
glycerol for up to 24 hours prior to freezing has shown to have no effect on the post-thaw
quality of bull (Anzar et al., 2011) and ram (Purdy, 2006) spermatozoa, further emphasising a
species-specific tolerance to CPAs in the extender. Amide CPAs, such as methylformamide
and dimethylformamide, are thought to reduce cellular damage caused by osmotic stresses
during cryopreservation due to their lower molecular weight compared to most other CPAs
(Alvarenga et al., 2005). However, the current study found methylformamide to be detrimental
to sperm SMI and sperm kinematic parameters over 48 hours of chilled storage. The unique
characteristics that influence the membrane permeability of Asian elephant spermatozoa that
differs from other species requires further investigation.
Equex STM paste, with the active ingredient sodium dodecyl sulphate, is a surfactant and
common additive to freezing extenders to increase the longevity of spermatozoa after thawing
as shown with dog (Peña and Linde-Forsberg, 2000; Rota et al., 1997) and boar spermatozoa
(Buranaamnuay et al., 2009). However, the results of Equex differ between species, as shown
with a reduced post-thaw longevity in cat spermatozoa (Axner et al., 2004). Sodium dodecyl
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sulphate exerts its protective actions during cryopreservation by beneficially altering egg-yolk
constituents rather than having a direct effect on sperm plasma membranes (Pursel et al., 1978).
Regardless, the current study with Asian elephant spermatozoa demonstrated adding Equex
alone to the chilling extender was detrimental to sperm motility parameters. The negative
effects of Equex have also been reported with the prolonged chilled storage of dog spermatozoa
after 96 hours (Nizanski et al., 2009). Considering these effects of Equex on spermatozoa from
other species, it is likely that the reduced longevity in the presence of Equex in the current
study is due to a toxic effect on the sperm membranes during chilled storage, and if utilised for
its cryoprotective actions should have limited exposure time prior to freezing.
Extenders with DMSO showed signs of improving the preservation capabilities of total motility
and, when in combination with Equex, acrosome integrity and membrane functionality of
Asian elephant spermatozoa during chilled storage. The mechanism by which adding these
CPAs can provide extra protection to spermatozoa during chilled storage is not clear and
requires further study. Fujihara and Koga (1984) have reported DMSO and glycerol inclusion
resulted in fewer signs of lipid peroxidation in rooster spermatozoa thereby playing an
antioxidant role in the chilling extender. However, in the same study these CPAs led to
complete loss of fertilising ability after 24 hours. The current study findings agree with the
claim by Brown et al. (2004a) where the inclusion of low concentrations of DMSO (1-4%) in
the extender improved the sustainability of Asian elephant sperm quality during chilled
transport (for less than 24 hours) for AI programs. It is important to note in the current study
these improvements during chilled storage were only noted with a limited sample size of HQ
ejaculate samples from limited males. Therefore, further investigation of these CPAs during
chilled storage of Asian elephant spermatozoa is highly warranted with a greater number of
high quality ejaculates from a broader range of males.

102

To facilitate improvements in cryopreservation protocols of Asian elephant spermatozoa, an
understanding of the underlying fundamental cryobiological properties of these cells is needed,
including their osmotic and toxicity tolerance limits and response to the addition of CPAs to
the extender. It was found that CPAs such as Equex and methylformamide can cause significant
loss of sperm motility parameters, whereas DMSO in conjunction with Equex STM paste can
provide protective benefits during the chilled storage of Asian elephant spermatozoa.
Therefore, it is logical that these impacts be considered in optimising spermatozoa freezing
protocols for the species.
The present studies have demonstrated that different sugars used in the chilling extender
significantly influence the preservation capabilities of Asian elephant spermatozoa quality.
Trehalose was shown to be a superior sugar to use in the extender during chilled storage of
Asian elephant spermatozoa in regard to preserving both motility and acrosome integrity. The
effects of supplementing trehalose with a glycolytic monosaccharide, such as glucose or
fructose, in the chilling extender should be further investigated. Furthermore, DMSO was
found to provide extra protection against sperm motility loss and when combined with Equex
STM paste displayed better preservation of sperm membrane functionality and acrosome
integrity. Whether these extender constituents and additives (sugars and CPAs) influence the
quality of Asian elephant spermatozoa after freeze-thawing remains to be elucidated.
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4.1

Abstract

Cryopreservation of Asian elephant semen still remains problematic with respect to
maintenance of both adequate semen quality and fertility post-thaw. The present study
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compared the effects of the penetrating cryoprotectants glycerol and dimethyl sulfoxide
(DMSO) in the freezing extender, in conjunction with the surfactant Equex STM paste, on
Asian elephant spermatozoa during freezing and thawing. Eight ejaculates from three
mature bulls were used for this study. Semen was diluted with Tris egg yolk-based extender
which contained either glycerol or DMSO, either with or without Equex, and frozen over
liquid nitrogen in straws. Sperm motility, membrane, acrosome and DNA parameters were
assessed over 2 hours incubation post-thaw to evaluate the cryoprotective capabilities of
each freezing extender. Spermatozoa frozen with glycerol resulted in higher total (P<0.001)
and progressive (P<0.05) motility compared to spermatozoa diluted with DMSO, regardless
of Equex inclusion in the freezing extender. When in the presence of Equex, Asian elephant
spermatozoa demonstrated higher proportions of viability (P<0.001) and intact acrosomes
(P<0.001), regardless of the type of cryoprotectant. A large variance between individual
bulls was noticed when assessing sperm DNA integrity, nevertheless freezing extender with
glycerol and Equex showed the highest proportion of spermatozoa with intact DNA after 2
hours post-thaw (P<0.05). Altogether, these results indicate a Tris egg yolk-based freezing
extender containing cryoprotectants glycerol and Equex should be integrated into current
Asian elephant semen cryopreservation protocols to yield the best sperm quality post-thaw
and thus improve fertilising potential.
Keywords: Asian elephant, spermatozoa, cryopreservation, glycerol, DMSO, Equex

4.2

Introduction

Captive populations of Asian elephants face issues with self-sustainability owing to naturally
low conception rates in captivity and logistical difficulties associated with transporting
breeding animals between institutions for natural matings (Faust et al., 2006; Wiese and Willis,
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2006). Correspondingly, artificial insemination (AI) with fresh or chilled semen has become
more widely applied to captive elephant breeding programs worldwide with the goal to improve
reproductive rates. However, AI with fresh or chilled semen is generally restricted to a limited
timeframe to preserve the fertilising capabilities of the spermatozoa (Brown et al., 2004a;
Thongtip et al., 2009) and the availability of a high quality ejaculate at the time of AI.
Therefore, the development of a reliable cryopreservation protocol for Asian elephant
spermatozoa would greatly improve captive reproductive management strategies surrounding
AI for this endangered species. Frozen storage of spermatozoa enables greater storage times
allowing for greater geographical distances between breeding institutes and a consistently
available source of semen for optimal timing of AIs; overcoming the risk of inconsistent
ejaculate quality which is commonly found throughout captive elephant bulls worldwide
(Hildebrandt et al., 2000a; Kiso et al., 2013). Artificial insemination with frozen-thawed Asian
elephant spermatozoa remains a focal point in elephant reproduction research due to the high
susceptibility to the cryodamage that occurs during freezing and thawing, resulting in severely
compromised fertilising potential (Sa-Ardrit et al., 2006; Saragusty et al., 2005). Consequently,
no live Asian elephant calves have been born from artificially inseminated frozen-thawed
spermatozoa. This is despite the current advances in cryosurvival of Asian elephant
spermatozoa through modification of the freezing extender composition and choice of
cryoprotectant (Imrat et al., 2013; Saragusty et al., 2009b; Thongtip et al., 2004).
During freezing and thawing, the spermatozoa are subjected to stress by conditions created
from the freezing of extracellular and intracellular water (Holt, 2000a; Mazur, 1984) which is
among the main biophysical factors which cause sperm death. The pattern of ice crystal
formation, and therefore the survival of spermatozoa during these processes, is dependent on
the CPA in the extender (Hammerstedt et al., 1990). Permeating cryoprotectants are used to
increase membrane fluidity and partially dehydrate the cell, lowering the freezing point, and
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thus reducing the number and size of hazardous intracellular ice crystals formed and reducing
intracellular osmotic stress (Medeiros et al., 2002; Sieme et al., 2016). However, the paradox
is that depending on the type and concentration, cryoprotectants themselves can have a toxic
effect on the spermatozoa (Fahy et al., 1990). Glycerol is the most widely used cryoprotectant
for spermatozoa, but in certain cases it has shown adverse effects on stallion sperm fertility
(Vidament et al., 2005). These detrimental effects tend to be species-specific, for example
spermatozoa from marsupial species can tolerate high concentrations of glycerol (Czarny et al.,
2009) whereas other species such as boar and mice are highly sensitive to the damage caused
by glycerol in the extender (Gutierrez-Perez et al., 2009; Penfold and Moore, 1993). In an
attempt to find an alternative permeating cryoprotectant, dimethyl sulfoxide (DMSO) has been
investigated by many researchers due to its lower molecular weight and rapid penetrating
ability (Yu and Quinn, 1994). The use of DMSO as an effective alternative to glycerol has been
shown with rabbit (Kashiwazaki et al., 2006), rhinoceros (Stoops et al., 2010) and mice (Sztein
et al., 2001) spermatozoa.
Several studies have worked to optimise Asian elephant spermatozoa cryopreservation
procedures by investigating various CPAs with different extenders. However, the high
sensitivity of sperm to low temperatures (Saragusty et al., 2005) and high variation in ejaculate
quality (Hildebrandt et al., 2000a) continues to hinder the practical application of frozenthawed sperm in Asian elephant AI procedures. The earliest reports of successful
cryopreservation of Asian elephant spermatozoa described the use of glycerol as the
permeating cryoprotectant (Thongtip et al., 2004), though results suggested male differences
in cryoprotectant tolerance. Later studies have supported the choice of glycerol (Kiso et al.,
2012; Saragusty et al., 2009b), but post-thaw results vary depending on the method of freezing.
Although shown beneficial to Asian elephant spermatozoa cryopreservation, glycerol is still
found to inflict toxic effects, particularly at high concentrations (Saragusty et al., 2009b).
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The addition of sodium dodecyl (lauryl) sulphate (SDS; the active component of Equex) to
freezing extenders has been reported to improve sperm survival during cryopreservation of
multiple species, including boar (Buranaamnuay et al., 2009), stallion (Gil et al., 2013), dog
(Peña and Linde-Forsberg, 2000) and yak (Shimazaki et al., 2015). The mechanisms behind
the protective effects of SDS are not fully understood. It has been suggested that SDS mediates
the solubilisation of the protective lipids in the egg yolk contained in the extenders, thereby
allowing improved interaction of lipids with the sperm plasma membrane surface (Pursel et al.,
1978). Although Asian elephant semen has been frozen with extenders supplemented with
Equex substitutes before (Arnold et al., 2017; Saragusty et al., 2009b), the direct investigation
of the effects of Equex on sperm parameters is limited for this species.
Using a Tris-egg yolk based extender, the objectives of this study were to evaluate the relative
effects of (1) cryoprotectants glycerol and DMSO and (2) the inclusion of the surfactant SDS
through Equex on the ability of Asian elephant spermatozoa to survive cryopreservation. These
findings will contribute to the essential development of the species-specific cryopreservation
protocol for Asian elephants to allow greater dispersion and preservation of genetics across
captive breeding facilities utilising AI techniques.

4.3

Materials and methods

4.3.1 Reagents and media
All chemicals in this study were purchased from Sigma Chemical Company (Sigma, St. Louis,
MO and Sigma, Sydney, Australia) unless stated otherwise.
For the following experiment a Tris-based extender was used, adapted from use with dog
spermatozoa (Peña and Linde-Forsberg, 2000) and having previously shown success in
preserving Asian elephant spermatozoa (Pinyopummin et al., 2017). The Tris extender
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consisted of 198.1 mM Tris-(hydroxymethyl)-aminomethane, 66.6 mM citric acid
monohydrate, 44.4 mM glucose and 20% (v/v) egg yolk. The Tris extender was supplemented
with penicillin G potassium salt (0.6 mg/ml) and streptomycin sulfate salt (1 mg/ml). The
extender was clarified by centrifugation at 4,200 - 5,500 x g for 15-20 min. The supernatant
was collected for use.

4.3.2 Animals
All experimental procedures were carried out with the approval of the Animal Ethics
Committee of the Taronga Conservation Society Australia (4a/04/114), the Animal Usage and
Ethics Committee, Kasetsart University (ACKU 01858) and endorsed by the University of
Sydney Animal Ethics Committee (2016/1010).
Nine Asian elephant bulls (20-35 years of age) housed at the National Elephant Institute of the
Forest Industry Organisation, Lampang, Thailand and one mature elephant bull (27 years of
age) at Perth Zoo, Australia, were used for semen sample collections in the study. All the bulls
used had varying proof of fertility.

4.3.3 Semen collection and processing
Semen samples were collected by manual rectal massage method (Schmitt and Hildebrandt,
1998). To avoid urine contamination, semen collecting tubes were changed frequently during
the collection process and collected in multiple fractions. Ejaculate fractions with the highest
sperm motility, as determined by phase-contrast microscopy were pooled and further seminal
parameters recorded. Semen volume, pH (pH indicator strips; Universal indikator, Merck,
Germany), sperm concentration (Neubauer hemocytometer; Evans et al., 1987), viability
(eosin-nigrosin staining) and the percentages of spermatozoa with normal morphology
acrosome integrity (Coomassie blue staining) were determined for fresh semen parameters, as
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described below. Samples were held at room temperature (20–26°C) during processing,
dilution and evaluation. Only fresh ejaculates with total motility ≥55% were used for the study.

4.3.4 Semen cryopreservation and thawing
Fresh semen was diluted (1:1) with Tris extender and aliquoted into four treatments groups of
equal volume. Diluted spermatozoa were then placed into a 100 ml waterbath at room
temperature which was then chilled until the temperature of the waterbath reached 4°C (90 –
105 min). After chilling, samples were diluted again (1:1) with chilled Tris extender
supplemented with double the desired final concentration of cryoprotectant and surfactant. The
second dilution with Tris extender containing the cryoprotectants and surfactant was performed
gradually by adding a quarter of the volume every 15 minutes. Spermatozoa were diluted with
final cryoprotectant and surfactant concentrations of either 5% (v/v) glycerol (G), 5% glycerol
and 0.5% Equex STM paste (GE), 5% DMSO (D) or 5% DMSO and 0.5% Equex (DE). After
final dilutions, samples were evaluated for pre-freeze assessment after final equilibration with
cryoprotectants and additives for 10 minutes. Thereafter, spermatozoa were loaded into 0.5 ml
straws (IMV technologies, L’Aigle, France and Kruuse Ltd., Leeds, UK), sealed with sealing
powder and rested on a stainless steel rack 2.5 cm above liquid nitrogen for 10 min before
being plunged and stored until thawing.
Spermatozoa were thawed by vigorously shaking the straws within a 37°C waterbath for 30
sec. Spermatozoa were expelled into glass tubes and diluted (1:1) with Tris extender without
cryoprotectants or additives, warmed to 37°C. Spermatozoa were immediately assessed for
post-thaw evaluation (0 hours) and the kept at 37°C for a further 2 hours for another post-thaw
assessment.
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4.3.5 Evaluation of spermatozoa
4.3.5.1

Sperm motility parameters

Sperm total motility was subjectively estimated by placing a 10 µl aliquot on a pre-warmed
(37⁰C) microscopic slide with a 22 x 22 mm cover slip for examination under phase-contrast
microscopy by the same observer. Spermatozoa were considered non-motile if there was no
flagellar movement. Simultaneously, the samples were given a kinematic rating on a scale 05, where 0 represented no flagellar movement and 5 represented rapid forward progressive
movement (>1 sperm length /sec). For an overall sperm motility rating with equal emphasis on
total motility and forward progressive motion, a sperm motility index (SMI; as described by
Howard and Wildt, 1990) was calculated as follows:
𝑆𝑆𝑆𝑆𝑆𝑆 =

(𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 20) + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (%)
2

Further motility information and sperm kinematic properties of post-thawed samples were
evaluated in the laboratory using computer-assisted semen analysis (CASA; IVOS model 12.0
and IVOS II Animal Breeder Ver. 1.4, Hamilton–Thorne Biosciences, Beverly, MA, USA).
The CASA settings used were those described previously for Asian elephant spermatozoa
(Thongtip et al., 2008b). For CASA, a 6-10 µl aliquot of semen was introduced into a prewarmed 20-mm 2X-CEL chamber (Hamilton–Thorne Biosciences) and loaded into the CASA
on a 37°C warming plate. The following kinematic parameters were recorded; percentage of
motile spermatozoa (MOT, %), percentage of progressively motile spermatozoa (pMOT; %),
average velocity path (VAP, μm/s), straight-line velocity (VSL, μm/s), curvilinear velocity
(VCL, μm/s), amplitude of lateral head displacement (ALH; mm), beat-cross frequency (BCF;
Hz), linearity (LIN; %) and straightness (STR; %). A minimum of 300 spermatozoa over four
fields of view were recorded.
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4.3.5.2

Sperm viability

For assessment of viability, equal parts of spermatozoa were mixed with eosin-nigrosin stain
(Björndahl et al., 2003). A smear was made and allowed to air-dry for evaluation under brightfield microscopy (×1000) under oil immersion. A minimum of 200 spermatozoa per sample
were classified as viable (no stain uptake) or non-viable (partial or complete stain uptake).
Viability assessments were performed within 8 hours of staining and smearing.

4.3.5.3

Acrosomal integrity

The acrosomal integrity of the spermatozoa was assessed by means of Coomassie blue staining
technique (Larson and Miller, 1999). Briefly, 10-20 µl of sample was fixed in 250 µl of 4%
paraformaldehyde and stored at 4⁰C until further processing and analysis. Spermatozoa were
then centrifuged (2000 x g, 8min) and washed twice with 500 µl of 0.1 M ammonium acetate
(pH 9.0). The remaining sperm pellet was left with 30-50 µl of ammonium acetate, and 20 µl
of the spermatozoa was smeared on a glass slide and allowed to air-dry. Sperm smears were
then immersed in Coomassie blue staining solution (0.22% (w/v) Coomassie Blue G-250, 50%
(v/v) methanol, 10% (v/v) glacial acetic acid and 40% (v/v) deionised water) for 90 seconds
before being gently rinsed with tap water and further air-dried. A minimum of 200 stained
spermatozoa per sample were evaluated for acrosomal integrity using bright-field microscopy
(x1000) under oil immersion. Spermatozoa exhibiting uniform staining over the acrosomal
region were categorised as ‘intact acrosomes’, whereas those that showed non-uniform
staining, abnormal shape or lack of staining altogether in acrosomal region were categorised as
‘non-intact acrosomes’.

4.3.5.4

Sperm DNA integrity

The integrity of sperm chromatin DNA was assessed by acridine orange (AO) fluorescence
(Tejada et al., 1984). Briefly, 20 µl of sperm suspension was smeared onto a glass slide, allowed
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to air-dry, and then fixed and left submerged in Carnoy’s solution (glacial acetic acid:
methanol; 1:3) until further analysis. After, slides were removed from the fixative, air-dried
and submerged in freshly prepared AO stain (10 ml of 1% AO in distilled water, 40 ml of 0.1
M citric acid and 2.5 ml of 0.3 M sodium phosphate dibasic heptahydrate) for 10 min in the
absence of light. After staining, slides were gently rinsed with water and immediately evaluated
under fluorescent microscopy (Olympus BX50 fluorescence microscope). A minimum of 200
sperm cells were counted on each slide by the same examiner and the duration of evaluation
per field of view did not exceed 40 seconds to minimise photo-bleaching effects. Spermatozoa
displaying green fluorescence were considered to contain normal intact DNA content, whereas
spermatozoa displaying a spectrum of yellow–orange to red fluorescence were considered to
contain damaged, non-intact DNA.

4.3.6 Statistical analyses
Data were analysed using Linear Mixed Model in GenStat (Version 16, VSN International Ltd.,
Hemel Hempstead, UK) to determine the effects of the freezing extender treatments, time of
incubation post-thawing and the interaction between both. The effects of freezing extender
treatment and post-thaw incubation time were included in the fixed model with bull/ejaculate
as the random model. If interactions were non-significant they were removed from the fixed
model. Data were checked for normality and homogeneity of variances before analysis use
residuals plots. Data sets were transformed using logit calculations if required to meet the
model assumptions of normal variance. Means were compared on the basis of least significant
difference and all values are reported as means ± standard error of the mean (S.E.M.). For all
analyses, statistical significance was defined as P<0.05.
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4.4

Results

4.4.1 Fresh ejaculate parameters
From all attempted semen collections using 10 mature bulls, a total of 8 ejaculates from 3 bulls
across the two institutes met the criteria for the study (fresh total motility ≥ 55%). The fresh
sperm parameters of these ejaculates are summarised in Table 4.1.
Table 4.1 Fresh semen characteristics of Asian elephant ejaculates which met the
criteria (total motility ≥55%) and used in the present study (8 ejaculates; 3 bulls)
Parameter

Mean ± SEM

Range

9.9 ± 3.3

1.0 - 30.0

547.0 ± 171.1

66.5 - 1260.0

pH

8.1 ± 0.2

6.5 - 8.5

Normal morphology (%)

67.0 ± 6.0

36.8 - 87.1

Motility (%)

75.6 ± 4.4

55.0 - 90.0

Kinematic rating (0-5)

4.2 ± 0.2

3.5 - 5.0

Sperm motility index

79.1 ± 3.1

67.5 - 95.0

Viability (%)

70.8 ± 6.1

37.5 - 85.3

Intact acrosomes (%)

85.1 ± 7.7

34.5 - 98.2

Intact DNA (%)

86.5 ± 7.8

35.0 - 99.1

Volume (ml)
Sperm concentration (x106/ml)

4.4.2 Effects of cryoprotectant and Equex on post-thaw sperm
quality
Significant differences (P<0.05) were observed in total sperm motility (Figure 4.1a), sperm
motility index (Figure 4.1b), viability (Figure 4.1c), acrosome integrity (Figure 4.1d) and DNA
integrity (Figure 4.2a) among the various extender treatments post-thaw. No differences
(P>0.05) were found between extender treatments at pre-freeze assessments for all measured
sperm parameters. Freezing with extenders containing glycerol (G and GE) resulted in higher
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total motility (P<0.001) and SMI (P<0.001) immediately after thawing (0 hours) compared
with spermatozoa cryopreserved with DMSO (D and DE), irrespective of Equex inclusion
(Figure 4.1a and 4.1b). Higher SMI was only observed with GE after 2 hours post-thaw
incubation. Immediately after thawing and after 2 hours post-thaw incubation, spermatozoa
cryopreserved in the presence of Equex (GE and DE) exhibited higher viability (P<0.001) and
percentage of intact acrosomes (P<0.001) compared to spermatozoa cryopreserved without
Equex (G and D), irrespective of cryoprotectant type (Figure 4.1c and 4.1d).
Differences of DNA integrity between cryoprotectant treatments were only observed after 2
hours post-thaw incubation (Figure 4.2). Extenders containing glycerol and Equex (GE)
exhibited a higher percentage of spermatozoa with intact DNA compared to all other treatments
at 2 hours post-thaw (P=0.04). A large variation of the DNA integrity data can be explained by
large differences in DNA integrity between bulls and ejaculates from the same bull, even at
fresh and pre-freeze assessment time points (Figure 4.3). In particular, the DNA integrity of
spermatozoa from Bull 2 varied greatly over two separate collected ejaculates.
When sperm quality parameters were assessed by CASA, freezing extenders were only found
to have an effect on motility (MOT) and progressive motility (pMOT) post-thaw (Table 4.2).
Immediately after thawing, spermatozoa cryopreserved with glycerol (G and GE) resulted in
higher (P<0.001) motility compared to DMSO (D and DE). After 2 hours post-thaw incubation,
the only difference observed was between treatment with glycerol (G) resulting in higher
(P<0.001) motility than DMSO and Equex (DE). The effects of freezing extender on
progressive motility were only observed immediately after thawing. Spermatozoa
cryopreserved with glycerol (G and GE) exhibited higher (P=0.003) progressive motility than
spermatozoa cryopreserved with DMSO (D and DE), irrespective of Equex inclusion in the
extender. All other CASA sperm parameters measured did not differ significantly (P>0.05)
between freezing extenders at any time post-thaw.
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Figure 4.1 Pre-freeze and post-thaw (a) total sperm motility, (b) Sperm Motility Index (SMI),
(c) viability and (d) acrosome intact status of Asian elephant spermatozoa cryopreserved in
extender containing glycerol (G), glycerol and Equex (GE), DMSO (D) or DMSO and Equex
(DE) as cryoprotectants. Dotted lines represent the mean values of fresh ejaculates before
dilution in extender. Within each time point, extender treatments with different letters differ
significantly (P<0.05).
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Figure 4.2 Percentage of Asian elephant spermatozoa with intact DNA compared over prefreeze and post-thaw time points when cryopreserved in extender containing glycerol (G),
glycerol and Equex (GE), DMSO (D) or DMSO and Equex (DE) as cryoprotectants. Dotted
line represents the mean percentage of intact DNA of fresh ejaculates before dilution in
extender. Within each time point, extender treatments with different letters differ significantly
(P<0.05).

Figure 4.3 Individual Asian elephant ejaculate samples assessed for DNA integrity over the
process of cryopreservation. Lines are labelled with Bull (ejaculate). Data pooled over
cryoprotective treatments.
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Table 4.2 CASA kinematic parameters of Asian elephant spermatozoa cryopreserved with different cryoprotective medium at 0
and 2 hours post-thaw
Post-thaw Treatment

MOT (%)

pMOT (%)

VAP (µm/s)

VSL (µm/s)

VCL (µm/s)

LIN (%)

STR (%)

G

11.1 ± 1.3 a

4.5 ± 1.3 a

47.2 ± 3.0

40.2 ± 3.1

77.5 ± 3.6

54.2 ± 4.2

84.1 ± 2.2

GE

12.6 ± 3.5 a

5.5 ± 1.6 a

51.0 ± 5.4

42.5 ± 5.8

81.5 ± 6.1

53.7 ± 3.6

83.8 ± 2.3

D

4.2 ± 0.8 b

1.7 ± 0.7 b

44.4 ± 4.5

37.1 ± 4.7

76.1 ± 5.1

50.9 ± 4.4

80.5 ± 2.4

DE

3.6 ± 0.6 b

1.5 ± 0.3 b

45.2 ± 5.4

36.7 ± 5.5

85.6 ± 4.3

44.5 ± 4.3

78.0 ± 1.9

G

5.3 ± 1.6 a

1.9 ± 0.8

36.7 ± 6.6

21.2 ± 4.9

66.4 ± 11.7

41.3 ± 6.2

71.3 ± 10.5

GE

4.7 ± 2.2 ab

1.1 ± 0.5

42.4 ± 8.6

26.3 ± 5.6

77.2 ± 13.3

41.8 ± 9.9

68.0 ± 10.9

D

1.2 ± 0.6 ab

0.4 ± 0.3

28.9 ± 5.3

29.5 ± 5.2

59.0 ± 10.3

37.8 ± 7.0

69.0 ± 10.9

0.2 ± 0.1
35.5 ± 6.9
34.3 ± 8.3
69.0 ± 13.6
36.0 ± 5.8
0.9 ± 0.4 b
Treatments: G, 5% glycerol; GE, 5% glycerol and 0.5% Equex; D, 5% DMSO; DE, 5% DMSO and 0.5% Equex.

66.6 ± 9.9

0h

2h

DE

Kinematic parameters: MOT, motility; pMOT, progressive motility; VAP, average path velocity; VSL, straight-line velocity;
VCL, curvilinear velocity; LIN, linearity of sperm movement; STR, straightness of sperm movement
a,b

Values without a common superscript within columns, within each post-thaw time point, are significantly different (P<0.05)
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4.5

Discussion

The findings of the present study demonstrate that for Asian elephant sperm, glycerol is the
superior choice of cryoprotectant over DMSO and supplementation of the cryodiluent with
Equex is beneficial in preserving sperm plasma membrane integrity, including the acrosome,
during the freezing and thawing processes. Glycerol showed greater preservation of sperm
motility parameters post-thaw compared to DMSO. Although the post-thaw motility was not
as successfully preserved as previous studies (Arnold et al., 2017; Kiso et al., 2012), other
sperm parameters such as viability, and acrosome and DNA integrity were. These findings are
an important aspect of developing an efficient sperm cryopreservation protocol for Asian
elephants.
A variety of CPAs are utilised for sperm cryopreservation across different species. Glycerol is
the most common cryoprotectant for freezing spermatozoa, particularly in mammalian species,
but the species-dependent toxicity of glycerol (Holt, 2000b) has encouraged research into
alternative CPAs. Dimethyl sulfoxide has proven an effective alternative to glycerol in species
such as rabbits (Kashiwazaki et al., 2006), fish (Suquet et al., 2001), mice (Sztein et al., 2001)
and cynomolgus monkeys (Feradis et al., 2001). While both are penetrating cryoprotectants,
the permeating ability of DMSO into the spermatozoa is more rapid than glycerol due to a
lower molecular weight (Lovelock and Bishop, 1959). Coupled with varying sperm membrane
cryoprotectant permeability across species (Curry et al., 1995), this may explain the preference
of DMSO over glycerol as the cryoprotectant of choice for cryopreservation in some species.
However, the current study suggests DMSO is not a suitable cryoprotectant for freezing of
Asian elephant spermatozoa. DMSO preserved sperm membrane parameters similarly to
glycerol, but proved detrimental to post-thaw sperm motility and SMI. Similar results have
been reported with deer (Fernandez-Santos et al., 2005) and boar (Kim et al., 2011)
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spermatozoa, wherein exposure to DMSO during cryopreservation resulted in reduction of
sperm motility but did not adversely affect membrane and acrosome integrity. The damaging
effects of DMSO on sperm motility specifically have been reported with dog spermatozoa
(Songsasen et al., 2002) and may rather reflect a negative impact on sperm metabolism (Rao
et al., 1969). Therefore, the higher penetrating ability of DMSO may not be as preferable as
observed in other species (Rosato and Iaffaldano, 2013).
Early studies with African elephant spermatozoa found DMSO to yield the best post-thaw
results compared to glycerol (Jones, 1973). However, later studies proved glycerol as an
effective CPA for African elephant spermatozoa (Howard et al., 1986). Differences in tolerance
to various cryoprotectants even between closely related species is not uncommon, as seen with
Sumatran and African black rhinoceros spermatozoa (O'Brien and Roth, 2000). A noticeable
difference in spermatozoa freezing survivability between the two elephant species has been
reported (Swain and Miller, 2000) which may influence the cryoprotectant of choice. Within
stallions, DMSO improved post-thaw sperm characteristics for a subgroup of males whose
semen consistently demonstrated poor post-thaw motility with glycerol (Chenier et al., 1998).
Reasons for this variability are unclear; however, a variation between individuals in sperm
membrane permeability (Chaveiro et al., 2006) may be a contributing factor. The present study
reported large variability between males and ejaculates of sensitivity to sperm DNA damage
during the processing steps of cryopreservation. This suggests sensitivity to different
cryoprotectants between individual bulls and even ejaculates may vary. Further investigation
with greater number of bulls and ejaculates is warranted to explore these potential effects.
When used in egg-yolk-containing extenders, Equex (or the active ingredient, SDS) appears to
enhance the resistance of spermatozoa to freezing damage, possibly by solubilising and making
the protective egg yolk-derived lipids and lipoproteins more available to the spermatozoa
(Penfold and Moore, 1993). The addition of SDS-based products to freezing solutions has been
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found to increase the cryosurvival of spermatozoa from numerous domestic and wildlife
species, including dog (Peña and Linde-Forsberg, 2000), boar (Buranaamnuay et al., 2009),
deer (Cheng et al., 2004), yak (Shimazaki et al., 2015) and bear (Anel et al., 2010). In the
current study, Equex had no direct effect on Asian elephant sperm motility parameters, but did
yield significantly higher proportions of spermatozoa with intact membranes and acrosomes
after freeze-thawing. Similarly, Buranaamnuay et al. (2013) reported improved Asian elephant
sperm membrane integrity post-thaw with the addition of Equex (as assessed by eosin-nigrosin
staining) but no significant effect on post-thaw motility. Although found to improve the postthaw sperm motility of boar (Buranaamnuay et al., 2009) and dog (Alhaider and Watson, 2009)
spermatozoa, SDS-based products have, thus far, shown no such effects with Asian elephant
spermatozoa. This may be due to the fragile nature of Asian elephant spermatozoa during
freezing and thawing (Swain and Miller, 2000), which commonly results in very low post-thaw
motility parameters (Imrat et al., 2013) such that it creates difficulties detecting statistical
differences between treatment samples. However, other studies are able to preserve post-thaw
motility upwards of 50% (Kiso et al., 2012) without the inclusion of Equex in the extender and
so further investigations into reasons for this low post-thaw motility are warranted. The
improved sperm membrane properties of canine spermatozoa after freeze-thawing with Equex
(Rota et al., 1997) has also demonstrated enhanced zona pellucida binding capacity even
though no differences in immediate post-thaw motility were observed (Ström Holst et al.,
2000). Conversely, addition of surfactants were found to improve rabbit spermatozoa motility
preservation after thawing, but negatively affected litter size (Arriola and Foote, 2001). The
improved post-thaw acrosome and membrane integrity of Asian elephant spermatozoa with the
use of Equex requires further investigation into the effects of fertility which appear to be
influenced by other undetermined species-dependent factors.
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It was apparent that the decrease in the percentage of motile and progressively motile
spermatozoa was considerably greater than those in the proportions of viable, acrosome-intact
and DNA-intact spermatozoa post-thaw. Low sperm motility after freeze-thawing of Asian
elephant spermatozoa have been reported previously (Buranaamnuay et al., 2013; Imrat et al.,
2012a). Other Asian elephant studies have reported greater success with post-thaw motility
above 50% (Arnold et al., 2017; Saragusty et al., 2009a), but specific selection criteria for fresh
semen are required (≥ 65% motility and no urine contamination) which significantly reduces
the number of samples, and male donors, available to undergo the cryopreservation procedure.
The sperm mitochondria in the midpiece and tail play an important role in sperm motility. It
may be likely the plasma membrane surrounding the mitochondria is more sensitive to coldand osmotic-shock during the freezing and thawing processes than the plasma membrane
around the head of the spermatozoa. Differences in the sperm plasma membrane between
different regions have been documented (Ladha, 1998) and differences in cryodamage between
these regions has been observed in human spermatozoa (Zhu and Liu, 2000).
Varying degrees of susceptibility to freezing and thawing damage between spermatozoa of
different males of the same species is not uncommon (Hoffmann et al., 2011; Thurston et al.,
2001). Although the ejaculates used for this study were selected from an initial motility
criterion, there are other initial pre-freeze sperm parameters which influence the quality of
Asian elephant ejaculate samples observed post-thaw (Imrat et al., 2013). In this study, the
samples selected for the experiment showed varying levels of initial sperm DNA integrity
which also showed noticeable variation in degradation over the process of cryopreservation
between bulls and ejaculates from the same individual. A previous study has identified the
incidence of sperm DNA fragmentation can be a property of the individual bull in Asian
elephants (Imrat et al., 2012a). Furthermore, the same study found samples with an initial low
percentage of intact sperm DNA underwent rapid DNA degradation during incubation.
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However, in the current study, the single ejaculate sample from Bull 3 displayed high initial
DNA integrity before rapid deterioration before freezing; further emphasising that
susceptibility to sperm DNA degradation may be dependent on the individual bull. It is
important to note the current study was performed with limited numbers of males and ejaculates
and therefore a greater number of samples collected from the underrepresented bulls would be
informative.
The current study aimed to enhance our understanding of the preservation capabilities of
various cryoprotectants and surfactant interaction with Asian elephant spermatozoa during the
cryopreservation process. The findings demonstrate glycerol had a more pronounced beneficial
effect on sperm motility parameters after thawing when compared to DMSO. Equex inclusion
in the freezing extender demonstrated improved preservation of the sperm plasma membrane
and acrosomal integrity post-thaw. These improvements, together with further studies,
represent an important process in the development of reproductive technologies that can be
used to enhance the breeding potential and conservation management of captive Asian
elephants worldwide.
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5.1

Abstract

This study investigated Asian elephant seminal plasma, firstly by examining the effects of
seminal plasma from different ejaculate qualities and at various concentrations on
spermatozoa following cryopreservation; and secondly, by characterising the proteomic
profile of Asian elephant seminal plasma. Six ejaculates, collected from five mature bulls
via the transrectal massage technique were included in the study. Each sample was
centrifuged to remove the seminal plasma then split into four treatment groups. One group
was exposed to seminal plasma sourced from Asian elephant ejaculates exhibiting ‘good’
initial total motility (GSP), another exposed to seminal plasma from a mix of ejaculates with
varying initial motility (MSP), another not exposed to seminal plasma (NOSP) and the
fourth group included seminal plasma sourced from horse ejaculates (HSP). Samples were
chilled, frozen in straws, thawed and assessed for sperm membrane, acrosome and DNA
integrity along with total motility, sperm motility index and kinematic parameters as
evaluated by computer-assisted semen analysis. The results showed the presence of seminal
plasma, particularly sourced from a pool of mixed quality Asian elephant ejaculates and
heterospecific stallion ejaculates, benefited the cryosurvival and post-thaw incubation
longevity of Asian elephant spermatozoa. Sperm total motility, viability, plasma membrane
function and acrosome and DNA integrity were not significantly affected by seminal plasma
treatment (P>0.05). In regards to sperm kinematics, treatment with higher concentrations of
MSP displayed greater average path velocity and straight line velocity than NOSP
immediately after thawing (P<0.05) and greater sperm motility index and beat cross
frequency than NOSP after 2 hours post-thaw incubation (P<0.05). Spermatozoa
supplemented with MSP also exhibited greater sperm motility index, average path velocity,
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straight line velocity and beat cross frequency at 2 hours post-thaw compared to GSP
supplemented at a low concentration (P<0.05). Addition of HSP proved particularly
beneficial to spermatozoa during cryopreservation by displaying greater sperm kinematic
parameters compared to both NOSP and GSP treatments (P<0.05). Using mass
spectrometry, 155 proteins were identified in Asian elephant seminal plasma from an array
of protein families including lipocalins, a disintegrin and metalloproteinases and heat shock
proteins. Gene ontology evaluation showed the major molecular functions of these proteins
as catalytic and binding activities, and the major biological processes as metabolic and
cellular within a wide range of others. Overall, the study demonstrated the potential benefits
of including seminal plasma in the extender for the improved cryosurvival of Asian elephant
spermatozoa. Continued research is required to improve our understanding of Asian
elephant seminal plasma and its constituents and their interaction with spermatozoa during
preservation and assisted reproductive techniques.
Keywords: Asian elephant, spermatozoa, cryopreservation, seminal plasma, proteins

5.2

Introduction

The management of captive Asian elephants includes assisted reproductive techniques such as
artificial insemination of fresh and chilled preserved semen to supplement natural breeding.
This is in an effort to increase reproductive output and thus the sustainability of captive
populations (Hildebrandt et al., 2006b). Use of cryopreserved Asian elephant semen has been
largely unsuccessful, due to inconsistent quality seen in collected semen (Hildebrandt et al.,
2000a) and poor post-thaw sperm survival hindering the fertilising capacity. Current
cryopreservation and artificial insemination (AI) protocols utilise only high quality ejaculates
which severely limits the number of males contributing to the dissemination of genetic
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material. Regardless, no live Asian elephant calves have been born from frozen-thawed
artificially inseminated semen despite multiple attempts from selected semen samples showing
≥40% post-thaw motility (Thongtip et al., 2009). Thus, cryopreservation of Asian elephant
semen still requires fundamental improvements in processing and freezing techniques to
improve the success of AI, thus the preservation and genetic management of this endangered
species.
An ejaculate is composed of spermatozoa and the acellular seminal plasma (SP) which is
primarily secreted from the accessory sex glands. Within the elephant species, the seminal
vesicles are the largest accessory sex glands producing the vast volume of SP in the ejaculate.
A large reduction of internal fluid volume of the seminal vesicles can be observed after
ejaculation via ultrasonography technology (Hildebrandt et al., 2000a). Seminal plasma is a
complex medium of inorganic ions, sugars, organic salts, enzymes, proteins and various other
factors. It is involved in a multitude of sperm functions and events preceding fertilisation,
influencing sperm physiology (as reviewed by Juyena and Stelletta, 2012), though the
constituents are largely species dependent.
The role and benefits of SP during sperm preservation techniques, such as cryopreservation, is
still largely debatable, often with varying results observed across species. For example, stallion
spermatozoa are able to maintain greater motility during cooled storage and cryopreservation
when SP is removed prior (Jasko et al., 1991; Moore et al., 2005b). For other species, such as
humans (Ben et al., 1997), goat (Azerêdo et al., 2001) and red deer (Martínez-Pastor et al.,
2006), SP inclusion has shown to be beneficial and improve sperm cryosurvival. However, the
effects of SP during cryopreservation have even been conflicting within the same species.
Where the beneficial effects of SP removal prior to freezing have already been shown with
stallions and boars (Kawano et al., 2004; Moore et al., 2005b), other studies with the same
species have demonstrated SP obtained from certain males (classified as ‘good freezers’; ones
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demonstrating high post-thaw quality) can improve the cryosurvival of spermatozoa from other
males (Aurich et al., 1996; Hernandez et al., 2007). Likewise, the addition of SP from infertile
males can reduce the fertilising ability of spermatozoa from males with high fertility (Henault
and Killian, 1996). Thus, the variation of SP composition depending on the male and ejaculate
source can influence the cryoprotective properties (Vilagran et al., 2015; Zahn et al., 2005).
Due to the high variability of fresh Asian elephant ejaculate quality (Hildebrandt et al., 2000a),
there is strong reasoning the SP composition, particularly proteins, can similarly be highly
variable across ejaculates and have strong influence over the sperm quality observed (Kiso et
al., 2013).
For Asian elephants, Saragusty et al. (2009b) had reported removal of SP prior to
cryopreservation to be an important processing step for post-thaw sperm survival with samples
from a single bull. Other studies have followed similar protocols of removing seminal plasma
prior to processing Asian elephant spermatozoa for cryopreservation, and showed successful
post-thaw results (Kiso et al. 2012). However, other freezing protocols for Asian elephant
spermatozoa have been used without SP removal with similar success (Thongtip et al., 2009;
Thongtip et al., 2004). The beneficial effects of Asian elephant SP have been more clearly
shown during chilled liquid storage whereby sperm motility and acrosome integrity were better
maintained in the presence of SP compared to spermatozoa with SP removed (Pinyopummin
et al., 2017). However, further studies directly comparing the effects of SP on Asian elephant
spermatozoa during cryopreservation are required to understand the role of SP during the
freezing process.
In the same way studies on spermatozoa have been performed utilising conspecific SP, others
have demonstrated beneficial in vitro effects of including SP from different species, for
example rainbow trout (Ustuner et al., 2016) and dog (Mataveia et al., 2010) seminal plasma
with ram spermatozoa. Stallion SP has previously been used with Asian elephant spermatozoa
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during chilled storage and has demonstrated greater preservation of sperm motility and velocity
compared to Asian elephant SP (Pinyopummin et al., 2017). Furthermore, stallion SP was
found to reverse the detrimental effects of high dilution rates on Asian elephant sperm motility
during liquid chilled preservation (Pinyopummin et al., 2018). Although the effects of stallion
SP during chilled liquid storage of Asian elephant spermatozoa have been shown, its
cryoprotective effects during freezing and thawing have not previously been investigated.
Seminal plasma is a complex medium but the large protein component has recently become a
focal point of reproductive research (Aquino-Cortez et al., 2017; Perez-Patino et al., 2016;
Rickard et al., 2015). Seminal plasma proteins are involved in the remodeling of the sperm
surface which contributes to vital fertilisation processes (Mogielnicka-Brzozowska and
Kordan, 2011; Rodríguez-Martínez et al., 2011). Several studies have shown that specific SP
proteins influence the function and fertilising capacity of spermatozoa (Moura et al., 2006;
Novak et al., 2010a) and in some species are utilised as markers of sperm freezability (Jobim
et al., 2011; Vilagran et al., 2015). The identity of these proteins in Asian elephant SP remains
largely unknown, and the complete SP proteome is yet to be established.
The aims of the study were to investigate the effects of the absence and presence of SP on
Asian elephant spermatozoa during cryopreservation. Moreover, we intended to evaluate the
effects of conspecific Asian elephant SP from varying quality of ejaculates, at varying
concentrations, and heterospecific stallion SP. The study is also the first to characterise the
Asian elephant SP proteome using a mass spectrometry.

130

5.3

Materials and methods

5.3.1 Reagents and media
All chemicals in this study were purchased from Sigma Chemical Company (Sigma, St. Louis,
MO) unless stated otherwise.
For the following experiment a Tris-based extender was used, adapted from use with dog
spermatozoa (Peña and Linde-Forsberg, 2000) and having previously shown success in
preserving Asian elephant spermatozoa (Pinyopummin et al., 2017). The Tris extender
consisted of 198.1 mM Tris-(hydroxymethyl)-aminomethane, 66.6 mM citric acid
monohydrate, 44.4 mM glucose (Merck Millipore, USA) and 20% (v/v) egg yolk with
penicillin G potassium salt (0.6 mg/ml) and streptomycin sulfate salt (1 mg/ml). The extender
was clarified by centrifugation at approximately 5,500 x g for 15 min at 4⁰C. The supernatant
was collected and used as the Tris extender.

5.3.2 Animals
All experimental procedures were carried out with the approval of the Animal Ethics
Committee of the Taronga Conservation Society Australia (4a/04/114), the Animal Usage and
Ethics Committee, Kasetsart University (ACKU 01858) and endorsed by the University of
Sydney Animal Ethics Committee (2016/1010).
For the freezing study, nine mature Asian elephant bulls (20-35 years of age) housed at the
National Elephant Institute of the Forest Industry Organisation, Lampang, Thailand (latitude
18⁰21.60’N and longitude 99⁰14.92’E) were used for semen collections. The animals were fed
a mixture of pangola grass, sugarcane, banana and corn and supplemented with concentrated
feed (8% protein, 2% fat and 20% fibre).
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For the SP proteomic study, three mature Asian elephant bulls (14 – 40 years of age) housed at
different zoological institutions across Australia were used for semen collections. Animals
were given water ad libitum and fed a varied diet as managed by each institution (including
mostly hay and lucerne, along with treats of fruit, vegetables, bread, sugar cane, bamboo, and
leafy branches). All elephants used in both studies had varying proof of fertility.

5.3.3 Semen collection and processing
Semen samples were collected by manual rectal massage method (Schmitt and Hildebrandt,
1998). To avoid urine contamination, semen collecting tubes were changed frequently during
the collection process and collected in multiple fractions. Ejaculate fractions with the highest
sperm motility, as determined by phase-contrast microscopy, were pooled and recorded for
further seminal parameters. Semen volume, pH (pH indicator strips; Universal indikator,
Merck, Germany), sperm concentration (Neubauer hemocytometer; Evans et al., 1987) and the
percentage of spermatozoa with normal morphology and viability (eosin-nigrosin staining),
functional plasma membranes (hypo-osmotic test) and normal acrosome integrity (Coomassie
blue staining) were further determined with fresh semen samples. Samples were held at room
temperature (22–26°C) during processing, dilution and evaluation. Only ejaculates with an
initial motility ≥40% were processed for cryopreservation. A lower than usual fresh motility
criterion for Asian elephant semen cryopreservation (motility ≥60%; (Kiso et al., 2012;
Thongtip et al., 2009) was used to allow for a greater number of replicates for the study for
statistical validity.

5.3.4 Preparation of seminal plasma
Asian elephant SP was collected from non-urine contaminated semen samples. Samples were
centrifuged at 10,000 x g for 20 min, then the supernatant void of spermatozoa was aspirated
and stored frozen (-20⁰C) until used. The SP from multiple ejaculates and Asian elephant bulls
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were pooled to form two SP quality groups. Ejaculates displaying fresh total motility ≥60%
were pooled in equal volumes to form the ‘good’ seminal plasma (GSP) treatment. Ejaculates
with varying fresh motility (range 0-65%) were pooled in equal volumes to form the mixed
seminal plasma (MSP) treatment. A range of fresh ejaculate motility was chosen for MSP to
encompass all types of ejaculate quality and better represent the ‘average’ Asian elephant
ejaculate. Horse seminal plasma (HSP) was obtained from stallion ejaculates exhibiting greater
than 60% fresh sperm motility. Two stallions (Pinyopummin et al., 2017; Pinyopummin et al.,
2018) were used for semen collections via artificial vagina (Davies Morel, 1999). Upon
pooling, HSP samples were further centrifuged (12,000 x g for 5 min) and supernatant
aspirated. Spermatozoa from ejaculates pooled for the SP treatments (Table 5.1) were
discarded.
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Table 5.1 Quality of original ejaculate samples selected for
seminal plasma extraction to form the seminal plasma quality
groups. Selection criteria based on total sperm motilities of fresh
ejaculates or species.
Male ID

Total motility (%)

Good quality seminal plasma

Bull 1

60

(GSP)

Bull 2

65

Mixed quality seminal plasma

Bull 2

65

(MSP)

Bull 3

5
50

Bull 4

0

Bull 5

0

Bull 6

40
20

Horse seminal plasma (HSP)

Bull 7

0

Bull 8

5

Male 1

65

Male 2

80

5.3.5 Seminal plasma treatments, cryopreservation and thawing
Fresh Asian elephant semen was diluted (1:1) with Tris extender and centrifuged (125 x g for
10 min) for the removal of pre-existing SP. Following centrifugation, supernatant was removed
and the sperm pellet was rediluted with Tris extender and prepared SP to create six treatments;
final concentration of prepared SP (v/v) before freezing of: 0% SP (NOSP; as a comparative
control), 12.5% GSP (GSP-low), 25% GSP (GSP-high), 12.5% MSP (MSP-low), 25% MSP
(MSP-high) and 25% HSP (HSP). Spermatozoa were then placed into a waterbath consisting
of 100 ml of water at room temperature and chilled to 4°C, over 90 – 105 min. After chilling,
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samples were gradually diluted (quarter of the final volume every 15 min) with chilled Tris
extender supplemented with glycerol (Bio Basic, Canada) and STM Equex paste (Nova
Chemical Sales, USA) to achieve final concentrations of 5% and 0.5% (v/v), respectively.
Samples were evaluated for pre-freeze assessment while equilibrating with cryoprotectant at
4°C for approximately 15 min. Thereafter, spermatozoa were loaded into 0.5 ml straws, sealed
with sealing powder and cryopreserved by resting on a stainless steel rack 2.5 cm above liquid
nitrogen for 10 min before being plunged and stored in liquid nitrogen until thawing.
Spermatozoa were thawed by vigorously shaking the straws within a 37°C waterbath for 30
sec. Spermatozoa were expelled into glass tubes and diluted (1:1) with the base Tris extender
warmed to 37°C. Spermatozoa were immediately assessed for post-thaw evaluation (0 hours)
and the kept at 37°C for a further 2 hours for another post-thaw assessment.

5.3.6 Evaluation of spermatozoa
5.3.6.1

Sperm motility parameters

Sperm total motility was subjectively estimated by placing a 10 µl aliquot on a pre-warmed
(37⁰C) microscopic slide with a 22 x 22 mm cover slip for examination under phase-contrast
microscopy by the same observer. Spermatozoa were considered non-motile if there was no
flagellar movement. Simultaneously, the samples were given a kinematic rating on a scale 05, where 0 represented no flagellar movement and 5 represented rapid forward progressive
movement (>1 sperm length /sec). For an overall sperm motility rating with equal emphasis on
total motility and forward progressive motion, a sperm motility index (SMI; as described by
Howard and Wildt, 1990) was calculated as follows:
𝑆𝑆𝑆𝑆𝑆𝑆 =

(𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 20) + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (%)
2
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Further motility information and sperm kinematic properties of post-thawed samples were
evaluated in the laboratory using computer-assisted semen analysis (CASA; IVOS model 12.0,
Hamilton–Thorne Biosciences, Beverly, MA, USA). The CASA was set to the settings
previously described for Asian elephant spermatozoa (Thongtip et al., 2008b): frames acquired
– 30; frame rate – 60 Hz; minimum sell size – 5 pixels; VAP cut-off – 20 μm/s; Progressive
minimum VAP – 80 μm/s; VSL cut-off – 0 μm/s; cell size – 5 pixels; cell intensity – 90;
magnification – 1.89; video frequency – 60; LED illumination intensity – 2194; Integrating
time – 1 frames. For CASA, a 6-10 µl aliquot of semen was introduced into a pre-warmed
CASA slide (MicroCell slide; Conception Technologies, La Jolla, CA, USA) and loaded into
the CASA on a 37°C warming plate. The following kinematic parameters were recorded:
percentage of motile spermatozoa (MOT, %), percentage of progressively motile spermatozoa
(pMOT; %), average velocity path (VAP, μm/s), straight-line velocity (VSL, μm/s), curvilinear
velocity (VCL, μm/s), amplitude of lateral head displacement (ALH; mm), beat-cross
frequency (BCF; Hz), linearity (LIN; %) and straightness (STR; %). A minimum of 300
spermatozoa over four fields of view were recorded. Computer-assisted semen analysis was
only performed at post-thaw analysis.

5.3.6.2

Sperm viability and plasma membrane integrity

For assessment of viability, equal parts of spermatozoa were mixed with eosin-nigrosin stain
(Björndahl et al., 2003). The spermatozoa were allowed to incubate with the stain for
approximately 30 seconds before smearing. The smear was allowed to air-dry then evaluated
under bright-field microscopy (×1000) under oil immersion. A minimum of 200 spermatozoa
per sample were classified as viable (no stain uptake) or non-viable (partial or complete stain
uptake). Viability assessments were performed within 8 hours of staining and smearing.
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The functional integrity of the sperm plasma membrane was evaluated by means of the hypoosmotic swelling test (HOST) as per a modified protocol described by Matson et al. (2009) for
Asian elephant spermatozoa. Briefly, a 20 µl aliquot of sample was added to 250 µl of 100
mOsm/kg hypo-osmotic solution (4.9 g sodium citrate and 9 g fructose per 1000 ml of distilled
water) and incubated for 30 min at 37⁰C. The spermatozoa were then fixed for later analysis by
adding 20 µl of formalin and storing at 4⁰C. Aliquots were placed on clear slides with cover
slips and assessed under phase-contrast microscopy (x400) and a minimum of 200 spermatozoa
were assessed for morphological changes. A positive response to hypo-osmotic stress (HOST+)
resulted in spermatozoa exhibiting signs of either tail coiling or swelling to various degrees (as
described by Jeyendran et al., 1984), indicating normal plasma membrane integrity and
function.

5.3.6.3

Acrosomal integrity

The acrosome integrity of the spermatozoa was assessed by means of Coomassie blue staining
technique, as described by Larson and Miller (1999). Briefly, 10-20 µl of sample was fixed in
250 µl of 4% paraformaldehyde of the same temperature and stored at 4⁰C until further
processing and analysis. Spermatozoa were then centrifuged (2,000 x g, 8min) and washed
twice with 500 µl of 0.1 M ammonium acetate (pH 9.0). The remaining sperm pellet was left
with 30-50 µl of ammonium acetate, and 20 µl of the spermatozoa was smeared on a glass slide
and allowed to air-dry. Sperm smears were then immersed in Coomassie blue staining solution
(0.22% (w/v) Coomassie Blue G-250, 50% (v/v) methanol, 10% (v/v) glacial acetic acid and
40% (v/v) deionised water) for 90 seconds before being gently rinsed with tap water and further
air-dried. A minimum of 200 stained spermatozoa per sample were evaluated for acrosomal
integrity using bright-field microscopy (x1000) under oil immersion. Spermatozoa exhibiting
uniform staining over the acrosomal region were categorised as intact acrosomes, whereas
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those that showed non-uniform staining, abnormal shape or lack of staining altogether in
acrosomal region were categorised as non-intact acrosomes.

5.3.6.4

Sperm DNA integrity

The integrity of sperm chromatin DNA was assessed by the acridine orange (AO) fluorescence
as described by Tejada et al. (1984). Briefly, 20 µl of sperm suspension was smeared onto a
glass slide, allowed to air-dry, and then fixed in Carnoy’s solution (glacial acetic acid:
methanol; 1:3) where the slides were kept submerged until further analysis. After, slides were
removed, air-dried and submerged in freshly prepared AO stain (10 ml of 1% AO (Merck
Millipore, USA) in distilled water, 40 ml of 0.1 M citric acid and 2.5 ml of 0.3 M sodium
phosphate dibasic heptahydrate) for 10 min in the absence of light. After staining, slides were
gently rinsed with water and immediately evaluated under fluorescent microscopy (Olympus
BX50 fluorescence microscope). A minimum of 200 sperm cells were counted on each slide
by the same examiner and the duration of evaluation per field of view did not exceed 40 seconds
to minimise photo-bleaching effects. Spermatozoa displaying green fluorescence were
considered to contain normal intact DNA content, whereas spermatozoa displaying a spectrum
of yellow–orange to red fluorescence were considered to contain damaged non-intact DNA.

5.3.7 Proteomic analysis of Asian elephant seminal plasma
5.3.7.1

Sample collection and preparation

Three ejaculates each from three mature Asian elephant bulls collected 2013 – 2015 were
selected for this study. To detect the maximum number of proteins, ejaculate samples of
varying initial seminal quality were selected (Table 5.5). Seminal plasma was separated from
spermatozoa per the methods previously described (5.3.4). Seminal plasma samples were
stored separately frozen (-80⁰C) until further analysis. On the day of proteomic analysis, SP
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samples were thawed on ice and centrifuged again (10,000 x g for 5 min at 4°C) to isolate the
supernatant, free of any potential spermatozoa or debris. Before proteomic analysis, total
protein concentrations (mg/ml) of each SP sample were determined by bicinchoninic acid
(BCA) protein quantification assay (Pierce, Rockford, IL, USA) as per the manufacturer’s
instructions. Bovine serum albumin was used as the protein standard. Equal volumes of each
SP sample were then pooled together to create a single representative sample of the species for
proteomic analysis. Equal volumes of each SP sample were used to have equal representation
of each male and ejaculate. The pooled SP sample was kept on ice until proteomic analysis.

5.3.7.2

Liquid chromatography tandem-mass spectrometry

To identify proteins in Asian elephant SP, the pooled sample was analysed by liquid
chromatography tandem mass spectrometry (LC-MS/MS) at the Bioanalytical Mass
Spectrometry Facility, University of New South Wales, Australia. The liquid sample was first
reduced, alkylated and digested overnight with Trypsin at 37°C. Digest peptides were separated
by nano-LC using an Ultimate 3000 high performance liquid chromatography and autosampler
system (Dionex, Amsterdam, Netherlands). Samples (2.5 µl) were concentrated and desalted
onto a micro C18 precolumn (300 µm x 5 mm, Dionex) with H2O:CH3CN (98:2, 0.05 %
Trifluoroacetic acid) at 15 µl/min. After a 4 min wash the pre-column was switched (Valco 10
port valve, Dionex) into line with a fritless nano column (75 µm x ~10 cm) containing C18
media (1.9 µ, 120Å, Dr Maisch, Ammerbuch-Entringen Germany) manufactured according to
Gatlin et al. (1998). Peptides were eluted using a linear gradient of H2O:CH3CN (98:2, 0.1 %
formic acid) to H2O:CH3CN (64:36, 0.1 % formic acid) at 200 nL/min over 30 min. High
voltage (2,000 V) was applied to low volume tee (Upchurch Scientific) and the column tip
positioned ~ 0.5 cm from the heated capillary (T = 275°C) of an Orbitrap Velos (Thermo
Electron, Bremen, Germany) mass spectrometer. Positive ions were generated by electrospray
and the Orbitrap operated in data dependent acquisition mode (DDA).
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A survey scan m/z 350-1750 was acquired in the Orbitrap (Resolution = 30,000 at m/z 400,
with an accumulation target value of 1,000,000 ions) with lockmass enabled. Up to the 10
most abundant ions (>4,000 counts) with charge states > +2 were sequentially isolated and
fragmented within the linear ion trap using collisionally induced dissociation with an activation
q = 0.25 and activation time of 30 milliseconds at a target value of 30,000 ions. M/z ratios
selected for MS/MS were dynamically excluded for 30 seconds.

5.3.7.3

Protein identification

All MS/MS spectra were searched against Uniprot and customised database using MASCOT
(Maxtrix Science, London, UK; version 2.4) with the following search criteria: enzyme
specificity was trypsin; precursor and product ion tolerances were at 4 ppm and ± 0.4 Da,
respectively; variable modification of methionine oxidation; and one missed cleavage was
allowed. The ions score significance threshold was set to 0.5 and each protein was provided
with a probability based Mowse (Molecular Weight Search) score (Pappin et al., 1993). Ions
scores are determined by -10*log(P), where P is the probability that the observed match is a
random event. Individual ion scores > 20 indicate identity or extensive homology (p<0.05).
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits.
A higher protein score indicates a higher probability of a non-spurious match.
For identifying proteins, peptides were searched against the completed African elephant
(Loxodonta africana) genome first (tax ID: 9784), then if not matched a non-restricted search.
To predict uncharacterised proteins in L. Africana, FASTA codes were entered into a BLAST
search restricted to Mammalia class (tax ID: 40674).

5.3.7.4

Gene ontology

The identified proteins were further characterised for molecular functions, biological
processes, cellular components and protein classes using the PANTHER classification system
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(version 13.1; www.pantherdb.org). Gene symbols were used as the input for Gene Ontology
(GO) annotations for functional categorisation. To maximise the number of matched gene
names and classifications of proteins, Homo sapiens was used as the reference species.

5.3.8 Statistical analyses
Data from the cryopreservation experiment were analysed using Linear Mixed Model in
GenStat (Version 16, VSN International Ltd., Hemel Hempstead, UK) to determine the effects
of SP treatments, time of sperm assessment and the interaction between both. The effects of SP
treatment (GSP-low, GSP-high, MSP-low, MSP-high, NOSP and HSP) and time point (prefreeze where applicable, and 0 hour and 2 hour post-thaw incubation) were included in the
fixed model with bull/ejaculate as the random model. If interactions were non-significant they
were removed from the fixed model. Data were checked for normality and homogeneity of
variances before analysis. Means were compared on the basis of least significant difference
and all values are reported as means ± standard error of the mean (S.E.M.). For all analyses,
statistical significance was defined as P<0.05.

5.4

Results

5.4.1 Fresh ejaculate parameters
From the total 36 attempted collections from 9 bulls, 26 (from 7 bulls) resulted in samples
containing spermatozoa. The excluded 10 collection attempts resulted in either complete
urination or a decision was made not to pursue with the collection procedure due to behavioural
issues with the animals. Of those 26 spermatozoa containing samples, 6 (from 5 bulls) met the
criteria for experimental use (fresh total motility ≥40%). Each of these 5 bulls which provided
ejaculates suitable for the study also produced unqualifiable ejaculates on different occasions.
The fresh semen parameters of these ejaculates are summarised in Table 5.2.
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Table 5.2 Fresh semen characteristics of Asian elephant ejaculates collected and used for the study
All ejaculates (7 bulls)
Parameter

Mean ± SEM

No. of ejaculates

Range

Ejaculates used for freezing
(motility ≥ 40%; 5 bulls)
Mean ± SEM

26

Volume (ml)

Range
6

9.3 ± 1.5

(0.5 - 35.0)

5.1 ± 0.8

(3.0 - 7.5)

1375.1 ± 160.7

(422.5 - 3642.5)

1481.7 ± 337.1

(680.0 - 2720.0)

pH

7.4 ± 0.2

(6.0 - 8.5)

7.7 ± 0.3

(6.5 - 8.5)

Normal morphology (%)

43.2 ± 4.9

(9.3 - 93.5)

71.3 ± 8.7

(35.0 - 93.5)

Motility (%)

24.8 ± 4.0

(0.0 - 75.0)

57.5 ± 4.6

(40.0 - 75.0)

Kinematic rating (0-5)

2.8 ± 0.3

(0.0 - 4.5)

3.9 ± 0.3

(2.5 - 4.5)

Sperm motility index

40.5 ± 4.3

(0.0 - 82.5)

67.9 ± 5.2

(45.0 - 82.5)

Viability (%)

28.8 ± 4.6

(1.0 - 86.5)

56.8 ± 11.1

(15.5 - 86.5)

HOST positive (%) a

17.2 ± 3.2

(1.0 - 56.5)

35.7 ± 7.7

(5.5 - 56.5)

Intact acrosomes (%)

30.1 ± 4.7

(4.0 - 89.0)

59.0 ± 9.8

(28.5 - 89.0)

Intact DNA (%)

45.3 ± 5.4

(1.5 - 92.0)

70.3 ± 8.7

(35.0 - 92.0)

Sperm concentration (x106/ml)

a

Hypo-osmotic swelling test for plasma membrane integrity

5.4.2 Effects of seminal plasma on Asian elephant spermatozoa
cryopreservation
5.4.2.1

The effects of seminal plasma and concentration on sperm
parameters

No significant effects of SP treatments were detected on total sperm motility or plasma
membrane, acrosome and DNA integrity, pre-freeze or post-thaw (P>0.05; Table 5.3). The only
significant effects of SP treatments on Asian elephant spermatozoa quality were detected with
certain sperm kinematic parameters. Sperm motility index (SMI) was higher in HSP-treated
spermatozoa than NOSP at pre-freeze assessment and at 2 hours post-thaw (P=0.011; Figure
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5.1A). In elephant SP treatment groups, only GSP-high showed significantly higher SMI than
NOSP at pre-freeze, and at 2 hours post-thaw, only MSP-high displayed significantly higher
SMI. Within the same SP quality groups (GSP and MSP) there were no differences in SMI
between high and low concentrations across time. Sperm kinematic metrics were only
evaluated by CASA post-thaw. The VAP of MSP-high treated spermatozoa was greater than
NOSP at 0 hours post-thaw, but by 2 hours post-thaw only HSP showed greater VAP than
NOSP (P=0.013; Figure 5.1B). Immediately after thawing, the VSL of MSP-low and MSPhigh were significantly higher than those of NOSP (P=0.004). By 2 hours post-thaw, HSP and
MSP-low both showed significantly higher VSL than NOSP (P=0.004; Figure 5.1C).
Treatments HSP and MSP-high exhibited higher BCF than NOSP at 2 hours post-thaw
(P=0.008; Figure 5.1D). Within all of these sperm parameters, no significant differences were
found between high and low SP concentration within the same SP quality group (GSP and
MSP; P>0.05; Figure 5.1). No significant effects of SP treatments were found in the other
sperm kinematic parameters as measured by CASA (P>0.05; Table 5.4).

5.4.2.2

The effects of conspecific and heterospecific seminal plasma
and quality on sperm parameters

No effect of Asian elephant SP quality group (GSP and MPS) nor HSP was detected on sperm
motility, plasma membrane integrity and acrosome and DNA integrity (P>0.05; Table 5.3).
Spermatozoa subjected to HSP showed significantly higher SMI than those in GSP-low at prefreeze and 2 hours post-thaw (P=0.011; Figure 5.1A). No difference in response between
exposure to Asian elephant GSP and MSP was detected with SMI evaluation (P>0.05; Figure
5.1A). At 2 hours post-thaw, VAP was significantly higher with HSP compared to both GSPlow and GSP-high (P=0.013; Figure 5.1B). With Asian elephant SP, both MSP-low and MSPhigh resulted in higher VAP than GSP-low by 2 hours post-thaw (P=0.013; Figure 5.1B).
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Immediately after thawing, MSP-high and MSP-low showed higher VSL than HSP; however,
by 2 hours post-thaw MPS-high, GSP-high and GSP-low all had significantly lower VSL than
HSP (P=0.004; Figure 5.1C). Within elephant SP, after 2 hours post-thaw MSP-low showed
higher VSL than GSP-low (P=0.004; Figure 5.1C). Sperm BCF was not different immediately
at thawing, but was higher in HSP than GSP-low, GSP-high and MSP-low after 2 hours postthaw (P=0.008; Figure 5.1D). Within elephant SP, MSP-high showed higher BCF than GSPlow (P=0.008). No significant effects of SP treatments were found with the other sperm
kinematic parameters as measured by CASA (P>0.05; Table 5.4).
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Table 5.3 The effects of addition of ‘good’ seminal plasma (GSP) and mixed seminal plasma (MSP), at high or low concentrations, absence of seminal plasma
(NOSP) and horse seminal plasma (HSP) on Asian elephant sperm parameters before and after cryopreservation. Values are mean ± SEM. Within the parameters
presented, there were no significant differences between seminal plasma treatments (P>0.05).

Sperm parameters
Total motility (%)*
Pre-freeze

0 hours post-thaw

2 hours post-thaw

*

Viability (%)

HOST positive (%)

Intact acrosomes (%)

Intact DNA (%)

NOSP

28.3

± 6.9

47.3

± 13.5

30.2

± 7.6

52.3

± 8.6

56.8

± 9.2

GSP-low

33.3

± 6.9

49.0

± 13.0

30.9

± 7.3

51.7

± 8.5

56.9

± 10.7

GSP-high
MSP-low
MSP-high

39.2
32.5
38.3

± 5.7
± 7.3
± 5.6

49.8
52.1
50.0

± 13.5
± 14.6
± 13.2

36.3
31.6
33.8

± 8.1
± 7.0
± 7.5

51.7
50.3
51.6

± 8.9
± 8.0
± 8.6

58.1
56.3
54.3

± 10.2
± 11.1
± 8.8

HSP

40.8

± 6.4

50.0

± 12.8

32.1

± 6.8

52.8

± 7.6

58.9

± 9.9

NOSP

15.8

± 6.6

37.2

± 8.0

14.2

± 2.0

44.3

± 8.2

57.9

± 12.1

GSP-low

15.8

± 6.6

35.9

± 7.9

12.0

± 1.7

44.4

± 7.9

47.3

± 9.9

GSP-high
MSP-low
MSP-high
HSP

19.2
17.5
16.7
13.3

± 8.2
± 5.9
± 7.5
± 5.4

35.4
36.1
37.1
33.6

± 7.6
± 8.0
± 7.8
± 8.5

13.0
12.4
14.8
13.3

± 2.1
± 2.1
± 2.1
± 1.9

44.1
48.3
42.9
46.0

± 8.1
± 8.5
± 8.8
± 9.4

47.9
51.5
48.6
54.7

± 9.1
± 10.6
± 10.0
± 8.8

NOSP

5.0

± 3.2

32.1

± 7.1

10.4

± 1.4

41.4

± 8.4

37.7

± 8.0

GSP-low

7.5

± 4.2

34.9

± 7.5

9.2

± 1.2

45.2

± 8.1

39.6

± 8.4

GSP-high
MSP-low
MSP-high
HSP

10.0
11.7
10.8
12.5

± 6.5
± 6.1
± 5.4
± 4.4

37.7
35.0
31.8
32.9

± 8.9
± 7.9
± 6.5
± 7.2

10.5
10.4
11.2
13.2

± 1.9
± 1.3
± 0.7
± 1.5

40.8
41.2
44.4
47.7

± 8.7
± 8.6
± 9.7
± 9.2

41.2
41.8
41.8
42.8

± 9.6
± 8.7
± 8.1
± 8.7

Pre-freeze total motility was assessed subjectively. Post-thaw motility was assessed objectively using CASA
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Figure 5.1 The effects of the absence of seminal plasma (NOSP), ‘good’ conspecific seminal plasma (GSP) and mixed conspecific seminal plasma
(MSP), at low (12.5%, v/v) or high (25%) concentration, and horse seminal plasma (HSP) on Asian elephant spermatozoa before and after
cryopreservation. Data shown are mean ± SEM (A) sperm motility index, (B) average path velocity (VAP), (C) straight line velocity (VSL) and
(D) sperm head beat cross frequency (BCF). Sperm kinematic parameters assessed by CASA at post-thaw only. Within time points, different
superscripts between treatment groups represent significant differences (P<0.05)
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Table 5.4 The post-thaw effects of ‘good’ seminal plasma (GSP) and mixed seminal plasma (MSP), at high or low concentration, absence of seminal plasma (NOSP)
and horse seminal plasma (HSP) on Asian elephant sperm kinematic parameters as assessed by CASA. Within the parameters presented, there were no significant
differences between seminal plasma treatments (P>0.05)
Sperm kinematic parameters
Motility (%)
0 hours post-thaw

11.5
10.3
14.5
14.0
12.8
10.2

± 4.1
± 3.0
± 6.4
± 4.0
± 4.1
± 3.3

1.8
2.5
3.3
2.0
3.2
1.3

± 0.9
± 1.1
± 1.9
± 0.9
± 1.4
± 0.5

VCL (µm/s)
78.5
89.6
84.3
91.4
100.6
83.3

± 4.0
± 3.1
± 4.6
± 3.8
± 2.3
± 9.1

ALH (µm)
5.0
5.2
3.5
5.3
5.5
6.0

± 1.2
± 0.6
± 0.8
± 0.5
± 0.4
± 0.4

STR (%)
79.5
82.0
76.0
82.8
78.8
78.3

LIN (%)

± 3.5
± 1.9
± 3.7
± 2.3
± 2.0
± 3.5

52.2
56.3
54.2
57.2
52.2
51.7

± 4.7
± 4.4
± 4.1
± 4.8
± 3.8
± 3.1

NOSP
4.5
± 2.6
0.2
± 0.2
53.1 ± 18.5
1.8
± 1.2
45.0 ± 14.5
GSP-low
6.3
± 3.3
0.3
± 0.2
42.9 ± 20.1
3.8
± 1.7
33.7 ± 15.1
GSP-high
7.2
± 4.1
0.7
± 0.5
62.6 ± 20.9
3.8
± 1.7
46.7 ± 14.8
MSP-low
7.8
± 4.0
0.5
± 0.3
74.1 ± 16.6
3.1
± 1.4
56.7 ± 11.5
MSP-high
9.5
± 4.8
0.8
± 0.7
76.1 ± 16.7
3.7
± 1.7
51.0 ± 11.6
HSP
11.0
± 4.1
0.8
± 0.4
95.5
± 9.2
5.2
± 1.4
68.5
± 2.5
pMOT; progressive motility, VCL; curvilinear velocity, ALH; amplitude of lateral sperm head displacement, STR; straightness, LIN; linearity

26.5
19.2
24.5
32.5
27.2
39.5

± 8.7
± 8.6
± 7.8
± 6.6
± 6.4
± 1.3

2 hours post-thaw

NOSP
GSP-low
GSP-high
MSP-low
MSP-high
HSP

pMOT (%)
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5.4.3 Asian elephant seminal plasma proteomics
The fresh seminal characteristics of ejaculates selected for SP pooling for proteomic analysis
are displayed in Table 5.5. Total protein concentration of Asian elephant seminal plasma
ranged from 3.3 – 11.9 mg/ml with an average of 8.0 ± 1.2 mg/ml.

Table 5.5 Seminal characteristics of selected samples pooled for proteomic analysis of Asian elephant seminal
plasma
Normal
Viability
morphology
(%)
(%)

Seminal
plasma total
protein
(mg/ml)

Ejaculate

Ejaculate
fraction
volume (ml)

Concentration
(x106
sperm/ml)

pH

Total
motility
(%)

Bull 1

1
2
3

12
5
23

1280
1322.5
2415

7
6
6

0
40
20

14.2
10.3
8.8

32.1
46.9
66.3

11.7
8.7
11.6

Bull 2

1
2
3

5
3
4.5

64
815
715

8.5
8.5
9

80
50
0

45.3
37.0
62.7

57.9

3.3
8.0
9.0

Bull 3

1
2
3

3
15
7.5

585
-

8.5
8
7

90
70
50

53.0
78.5
-

92.9
81.5
-

3.6
4.2
11.9

Mean
SEM

8.7
± 2.3

1028.1
± 282.13

7.6
± 0.4

44.4
± 10.93

38.7
± 9.2

62.9
± 9.1

8.0
± 1.2

Mass spectrometry identified a total of 155 proteins in the pooled sample of Asian elephant SP.
The top 30 proteins with the highest protein scores are displayed in Table 5.6. Protein scores
are used as a non-probabilistic basis for ranking protein hits, with a higher protein score
indicating a higher probability of a non-spurious match. A full list of all 155 proteins identified
in Asian elephant SP is presented in Appendix 1: Supplementary Table 1.
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Table 5.6 Top 30 matched Asian elephant seminal plasma proteins as determined by LC-MS/MS from pooled
samples
UniprotKB
Accession
G3SMX8
G3UD48
G3TBR7
G3T8L4
G3SS80
G3T752
G3T0S5
G3TUH4
G3T643
G3T3N6
G3SZZ0
G3UCL2
G3THY2
G3U1Z4
G3U2L5
G3UBT6
G3TZ57
G3T9G3
G3SLB1
G3T8N4
G3U416
G3TBY5
G3SMQ4
G3SRG6
G3SNZ3
G3U7Z4
G3T7P8
G3UDP9
G3UJ16
G3T7L7
A

Protein name
Serum albumin
Epididymal-specific lipocalin-5
Low density lipoprotein receptor-related protein 2
Apolipoprotein D
Ribonuclease T2
Zonadhesin
Lactotransferrin
Chromosome 1 Open Reading Frame 56
Superoxide dismutase [Cu‐Zn]
Carboxylesterase 5A
Enolase 1, (alpha)
Glycosylphosphatidylinositol-anchored high density lipoproteinbinding protein 1
Tetraspanin (Fragment)/CD81 Molecule
Cathepsin D
Angiopoietin-Like Protein 5
Heat shock protein 90kDa alpha (cytosolic), class A member 1
Disintegrin and metalloproteinase domain-containing protein 18
Transferrin
Glucosylceramidase
Protein deglycase DJ‐1
Cystatin
Glucose‐6‐phosphate isomerase
Proteasome subunit alpha type
Acrosin
Sperm acrosome membrane-associated protein 1
A-kinase anchor protein 4
Gamma-glutamyl hydrolase
Disintegrin and metalloproteinase domain-containing protein 21
Peroxiredoxin 6
Leucine-rich repeat-containing protein 37A3-like

Gene
symbol
ALB
LCN5
LRP2
APOD
RNASET2
ZAN
LTF
C1orf56
SOD1
CES5A
ENO1
GPIHBP1
CD81
CTSD
ANGPTL5
HSP90AA1
ADAM18
TF
GBA
PARK7
CST6
GPI
PSMA8
ACR
SPACA1
AKAP4
GGH
ADAM21
PRDX6
LRRC37A3

Protein
mass (kDa) A
68.8
21.5
518.1
21.6
25.5
249.2
77.3
34.1
15.7
64.0
47.2
20.7

Protein
score B
575
288
264
252
230
192
188
175
160
154
146
137

23.2
41.1
26.0
85.1
60.9
108.2
57.6
20.0
16.3
62.3
27.8
40.0
32.8
89.3
35.9
79.5
25.1
151.3

134
132
121
117
117
111
110
107
104
104
102
102
102
99
96
95
95
91

Protein mass as predicted from MASCOT peptide output

B

Ordered by descending protein score. A higher protein score indicates a higher probability of a non-spurious
match from MASCOT
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The proteins identified in Asian elephant SP are known to be involved in a wide range of
molecular function and biological processes as per gene ontology assessment via PANTHER
(Figure 5.2). Of the total 155 Asian elephant SP proteins, 9 gene symbols could not be
identified within the gene ontology database. The most common molecular functions amongst
the SP protein data set were catalytic activity (GO:0003824; 54.9% of total function hits) and
binding (GO:0005488; 33.6% of total function hits). In terms of biological processes, cellular
(GO:0009987; 31.4% of total process hits) and metabolic (GO:0008152; 28.4% of total process
hits) processes were among the most common amongst the identified Asian elephant SP
proteins. In reviewing these data it should be noted that a protein maybe listed under more than
one classification. Further categorising of Asian elephant SP proteins into cellular components
and protein classes can be found in Appendix 1: Supplementary Figure 1.
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Figure 5.2 The molecular functions and biological processes of Asian elephant seminal plasma
proteins. Proteins were categorised from the Gene Ontology database using PANTHER
(version 13.1). The graph plots the number of proteins identified for each function and process
(GO accession). Note, proteins can have multiple functions and processes.
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5.5

Discussion

The current study demonstrated for the first time the effects of supplementing cryoextender
with SP of varying sources and concentrations on Asian elephant spermatozoa during
cryopreservation. The results found post-thaw longevity of spermatozoa supplemented with SP
from mixed quality Asian elephant ejaculates and stallion SP had higher sperm kinematic
characteristics than spermatozoa in the absence of SP after post-thaw incubation. Improving
cryopreservation techniques to enhance the post-thaw quality and fertility of Asian elephant
spermatozoa is needed due to the low success rate of AI with frozen-thawed spermatozoa
(Thongtip et al., 2009) and the general poor sperm cryosurvival observed across the majority
of males and ejaculates (Buranaamnuay et al., 2013; Imrat et al., 2013). The study also
contributes to further understanding male Asian elephant reproduction by identifying the SP
proteome finding a large variation of protein families with numerous proposed biological
functions. Altogether, these findings further our understanding on Asian elephant SP and its
effects on spermatozoa during the steps of cryopreservation.
Sperm parameters as predictors of Asian elephant spermatozoa fertilising ability remain
undetermined largely due to the limited opportunities for fertility trials. As with most species,
sperm motility is a commonly chosen assessment for preservation studies to reflect
spermatozoa ability to transit the female tract to the site of fertilisation upon artificially
inseminating. Contrastingly, sperm velocity and kinematic characteristics as determined by
CASA can give valuable information about sperm activation and fertilising potential (Farrell
et al., 1998). In the present study general sperm motility and membrane associated parameters
did not differ between SP treatments, but certain sperm kinematic parameters as assessed by
CASA did. Higher concentrations of MSP resulted in greater VAP and VSL than an absence
of SP immediately post-thaw, and after 2 hours post-thaw incubation the effects were more
pronounced with HSP exhibited greater VAP, VSL and BCF than no SP. The findings showed
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the inclusion of SP, more accurately the constituents within, are able to maintain a greater
straight-line velocity of Asian elephant spermatozoa after freeze-thawing. This explains the
corresponding results with SMI which integrates subjective assessment of sperm forward
progressive movement and total motility. Sperm velocity parameters VAP and VSL have been
found to have a strong correlation with post-thawed bull sperm fertility (Nagy et al., 2015),
thus furthering the hypothesis that the straight line speed maybe utilised to predict the
likelihood of spermatozoa reaching the site of fertilisation. This data only applies to the motile
spermatozoa, which after cryopreservation of Asian elephant spermatozoa is a small proportion
of the total. Therefore, it is difficult to interpret these findings for Asian elephants. Further
studies are warranted to improve the post-thaw total motility. Until this can be achieved and
frozen thawed semen samples can be trialed with artificial insemination, CASA parameter
interpretation will have to rely on assumptions drawn from other species’ studies.
The influence of SP added to spermatozoa suspensions prior to freezing is known to vary
between species and individual males. It is a standard practice with stallion spermatozoa to
remove SP or dilute to less than 5% volume (Moore et al., 2005b), whereas SP inclusion has
found to promote cryosurvival of spermatozoa from other species such as ram (Ollero et al.,
1997). In the current study, no differences were found between groups with high and low
concentrations of Asian elephant SP within the same SP quality type. However, higher
concentrations (25%) of SP from mixed quality ejaculates shower higher SMI and BCF than
samples without SP after 2 hours post-thaw, and similarly for VAP and VSL immediately after
thawing. Likewise, spermatozoa with stallion SP exhibited significantly higher SMI and sperm
velocity parameters after 2 hours post-thaw incubation. Interestingly, addition of SP from high
quality ejaculates did not show any difference in cryoprotective capabilities compared with an
absence of SP when spermatozoa were assessed post-thaw. Similar findings have been
documented with stallion spermatozoa whereby SP had no effect post-thaw regardless if
153

sourced from males with spermatozoa more tolerant to cryoinjury (Al-Essawe et al., 2018). To
date, the only other Asian elephant study to directly investigate the effects of SP on
spermatozoa cryopreservation reported the exclusion of SP prior to freezing to yield higher
post-thaw quality (Saragusty et al., 2009b). The differing results to the current study may be
explained by the differences in freezing techniques and extenders used. Furthermore, the
samples used by Saragusty et al. (2009b) were from a single bull and the effects of SP on
individual males is known to vary (Aurich et al., 1996).
It is possible that the in vitro evaluations performed in the present study were not able to detect
potential differences in sperm membrane structure and function among treatment groups due
to low representative of males and number of ejaculates exhibiting high post-thaw quality to
better observe statistical differences between treatments. Okazaki et al. (2009) reported SP
removal can have different effects on different boars depending on their ejaculate
cryotolerance; whereby samples from boars with poor freezability benefited from removal of
SP before cooling and freezing process. This male effect may be difficult to observe with Asian
elephants as most studies are limited to few males which are able to provide ejaculates of high
quality suitable for cryopreservation. This area of study warrants further investigation with
frozen-thawed Asian elephant spermatozoa.
The removal of SP prior to cryopreservation may be deleterious to spermatozoa by reducing
the exposure of vital substances, such as antioxidants. The decrease of such substances may
promote the action of reactive oxygen species which in excessive amounts can decrease sperm
motility, viability and DNA integrity (Sanocka and Kurpisz, 2004). These parameters were not
significantly affected in the current study. It could be expected that SP from high quality Asian
elephant ejaculates would contain a higher abundance of beneficial components, such as
antioxidants (Satitmanwiwat et al., 2017). A high concentration of SP from high quality
conspecific ejaculates did result in greater SMI at pre-freeze assessment than an absence of SP.
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This may be attributed to the protective effects of SP to spermatozoa during chilling and
exposure to cold-shock. This is further corroborated by Pinyopummin et al. (2017) where SP
inclusion in the extender, from a high quality ejaculate source, was able to prolong Asian
elephant sperm motility characteristic during chilled liquid storage. However, the same high
quality SP treatment did not yield superior post-thaw Asian elephant sperm quality when
compared to complete removal of SP (NOSP) in the current study. The addition of SP postthaw has improved conception rates by suppressing the high rates of sperm capacitation
induced by cryopreservation with boars (Okazaki et al., 2009). The effects of adding high
quality SP to post-thawed Asian elephant spermatozoa may be worthy of future investigation
considered the proven benefits of SP during chilled incubation.
The effects of SP on spermatozoa during preservation techniques can be influenced by the male
and ejaculate quality of SP source (Morrell et al., 2014; Van der Ven et al., 1983). Variation in
SP composition can occur between males, seasons and ejaculates with variable quality and
freezability (Domínguez et al., 2008; Rickard et al., 2015). The inclusion of SP from
conspecific males displaying high freezing-resilient spermatozoa has shown to improve postthaw sperm parameters with stallions (Aurich et al., 1996) and boars (Hernandez et al., 2007).
In the present study, SP from Asian elephant ejaculates displaying high initial sperm motility
(≥60%) but uncertain freezability was selected. It would be challenging to categorise individual
bulls for high or poor sperm cryotolerance with (1) such low post-thaw sperm survival across
the majority of captive males and (2) the large variation and inconstancies in initial ejaculate
quality within samples from the same male (Kiso et al., 2013). Furthermore, a standardised
cryopreservation protocol for the species is still being developed. Instead the current study
compared Asian elephant SP sourced from a pool of ejaculates from high initial sperm motility
(GSP) and mixed quality ejaculates (MSP). Although initial seminal traits can explain some of
the variability of post-thaw sperm quality (Roca et al., 2006), the collection of high quality
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ejaculates is no guarantee of successful semen cryopreservation (Rickard et al., 2016).
Differences between males is suggested to be the main contributor to the variation in post-thaw
results in a species (Holt, 2000b; Roca et al., 2006). The current study findings show MSP
treatments resulted in higher sperm kinematic parameters than GSP treatments after 2 hours
post-thaw incubation. A greater number of samples from a wider range of males were used to
create the MSP treatment compared to the GSP; therefore, there may have been a greater
coverage of components in the MSP which influenced the preservation capabilities. A variation
in the presence, absence or concentration of some SP components, but most probably their
concerted action, may be responsible for the variability seen on the effect on the spermatozoa.
Such biological effects of the interacting SP factors on sperm function are complex and not yet
well understood. To this extent, other factors besides assessment of initial fresh ejaculate
quality may be important in selecting SP for the improved cryosurvival of spermatozoa and
identifying the specific beneficial components in SP warrants further investigation.
The effects of heterospecific SP on spermatozoa is often overlooked for potential benefits.
Previous studies have shown cross-species SP can improve sperm viability and motility after
freezing, as in the case with ram spermatozoa cryopreserved with dog (Mataveia et al., 2010)
and rainbow trout (Ustuner et al., 2016) SP. In the present study, stallion SP similarly showed
a positive effect on Asian elephant spermatozoa in terms of sperm velocity parameters postthaw. After 2 hours post-thaw incubation, Asian elephant spermatozoa treated with stallion SP
exhibited higher values of VAP, VSL and BCF compared to spermatozoa treated with high
quality Asian elephant SP and in the absence of SP. These superior effects of stallion SP were
also found with SMI at pre-freeze assessment. These findings coincide with previous studies
reporting stallion SP supplemented in the extender during chilled liquid storage of Asian
elephant spermatozoa provides superior protection and longevity (Pinyopummin et al., 2017).
More specifically, stallion SP has been shown to increase sperm velocity parameters measured
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by CASA with no effect on Asian elephant sperm viability and acrosomal integrity
(Pinyopummin et al., 2018). Interestingly, the effects of stallion SP on stallion spermatozoa
preservation can generally be detrimental (Jasko et al., 1991; Love et al., 2005) though vary
depending on the ejaculate and male source (Aurich et al., 1996). The component in stallion
SP that supported elephant sperm motility has not been identified and although SP is a complex
fluid (Kareskoski and Katila, 2008), recent attention has been drawn to SP proteins and their
influence on spermatozoa quality and cryosurvival (Jobim et al., 2011). There may be unique,
or differences in abundance of proteins in stallion SP compared to Asian elephant SP; a likely
scenario given the difference in accessory gland anatomy. The three major groups of proteins
identified in stallion SP are fibronectin type 2, cysteine-rich secretory proteins and
spermadhesins (Töpfer-Petersen et al., 2005). The majority of stallion seminal plasma proteins
(70-80% of the total proteins) belong to the fibronectin group (Calvete et al., 1995) which are
known for their ability to specifically interact with the phospholipids of the sperm membrane
and their heparin-binding ability (Calvete et al., 1994), indicating a potential role in early
fertilisation processes. This may explain why high Asian elephant sperm velocities were found
after 2 hours post-thaw with HSP incubation, due to stallion SP components promoting
hyperactivation of the spermatozoa, indicative of spermatozoa undergoing capacitation, an
early fertilisation step. It is challenging to identify these specific causative SP components,
particularly proteins, across different species as the predominance of each type of heparinbinding protein varies between species (Druart et al., 2013) as well as different protein families
mediating heparin-binding roles (Töpfer-Petersen et al., 2005). Thus, further investigation into
the stallion SP components causing these effects on Asian elephant spermatozoa is required.
Seminal plasma proteomics provides a tool to understand the interactions of SP proteins with
spermatozoa and how this affects sperm functionality, fertilisation and in vitro preservation.
Determining the presence and abundance of selected SP proteins can be used to assess the
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fertility and breeding soundness of males within domestic species (Moura et al., 2006).
Moreover, proteomic approaches have been used to aid sperm preservation techniques by
identifying SP protein markers of male and ejaculate freezability (Jobim et al., 2011; Vilagran
et al., 2015). The presence and absence of lactotransferrin, a specific SP protein, has been
shown to correlate with the fresh seminal quality of Asian elephant ejaculates (Kiso et al.,
2013), but the influence of SP proteins on Asian elephant spermatozoa cryotolerance and
potential differences between males remains to be understood. In the current preliminary
proteomic study of Asian elephant SP 155 total proteins were identified. Although greater total
numbers of proteins have been observed in other mammalian species SP (Perez-Patino et al.,
2016; Soleilhavoup et al., 2014), the number of total proteins that are detected depends on the
techniques used and the degree of sensitivity for protein detection.
The assessed pooled sample of Asian elephant SP included a range of varying fresh seminal
parameters over three bulls. Proteomic analysis can be used as a helpful tool in domestic species
breeding to identify certain SP proteins indicating high fertility. In contrast to these proteins
which positively influence the parameters of male fertility, other SP proteins have been
identified as markers of poor fertility in males (Brandon et al., 1999; Novak et al., 2010b).
Likewise, certain SP proteins have been identified in males with ejaculates of poor freezability
(Jobim et al., 2004). Categorising Asian elephant bulls into high or poor fertility and semen
freezability has not been possible to date as previously discussed, so in this attempt to identify
the range of proteins present in Asian elephant SP, ejaculates with varying sperm parameter
qualities were included. Seminal plasma protein indicators of Asian elephant spermatozoa
would be of great benefit to increase the consistency of high quality ejaculates. To the same
extent with fertility and semen freezability in other species, particular Asian elephant SP
proteins may be used as makers of poor or high motility in fresh ejaculates.
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A large variety of proteins were identified in Asian elephant SP which was also reflected by
the large array of molecular functions, protein classes and associated biological processes
found through gene ontology evaluation. Several heat shock family proteins were identified in
Asian elephant SP (HSP90AA1, HSP90B1, HSPA1A, HSPA5, HSPA4L, HSPA9) which have
been shown to have supportive effects such as improve viability of ram spermatozoa (Lloyd et
al., 2012) and fulfil immunogenic and protective functions (Schmitt et al., 2007). Heat shock
proteins have also been correlated with high sperm motility, normal morphology, and viability
(Turba et al., 2007) as well as a predictor of freezability in boar spermatozoa (Casas et al.,
2009). Other identified Asian elephant SP proteins such as zinc-alpha-2-glycoprotein (AZGP1)
have been previously linked with poor freezing ability of ram spermatozoa (Rickard et al.,
2015). Spermadhesins, also identified in Asian elephant SP, can make up a large proportion of
all SP proteins in other species and their multifunctional roles suggest they are vital to different
stages of fertilisation (Töpfer-Petersen et al., 1998). It has been suggested these proteins which
are associated with the binding to the sperm surface are also responsible for the protection of
ram spermatozoa against cold shock (Barrios et al., 2005). The specific roles of spermadhesins,
and many of the other identified proteins in Asian elephant SP, remain undetermined and
although multiple functions can be alluded to from other species studies, these can be species
specific. Future studies are required to comprehend the actions and roles of certain major Asian
elephant SP proteins which can further our understanding of Asian elephant spermatozoa
interactions and improve in vitro handling techniques. Future study should include protein
analysis of ejaculates classified into differing quality categories, such as those with high vs low
motility scores.
Whilst this study was limited due to the number of samples (a factor of inconsistent seminal
quality suitable for cryopreservation), it has shown the potential benefits SP has on the postthaw survival of Asian elephant spermatozoa. Conspecific SP sourced from a large variety of
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elephant bulls and heterospecific SP from stallion ejaculates provided greater protection of
sperm velocity parameters during post-thaw incubation compared to the absence of SP. This
study is also the first to characterise the Asian elephant SP proteome. The identification of
major specific proteins within Asian elephant SP facilitates future investigations of the roles of
each protein in reproductive functions, correlation to ejaculate quality and preservation
capabilities to aid in assisted reproductive technologies for this endangered species.
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Chapter 6: General discussion and conclusions

Ensuring the long-term survival of a robust Asian elephant captive population requires the
continued support of research to enable understanding of the reproductive biology of these
endangered species. Elephant AI currently relies on fresh and chilled semen from only a select
few bulls capable of producing high quality ejaculates via transrectal massage collection, thus
restricting the genetic diversity within captive breeding programs. To utilise AI most
effectively as a tool for breeding management for Asian elephants, reliable semen
cryopreservation protocols are required. Currently, the issue with low success rates of AI with
chilled and cryopreserved semen exists (Thongtip et al., 2009), most likely owing to the high
susceptibility to chilling damage and poor cryosurvival of Asian elephant spermatozoa. To
address the high susceptibility to chilling and freezing damage, several aspects of the process
of sperm preservation have to be carefully considered. Less harmful procedures and/or
additional protective steps are required to improve Asian elephant sperm quality during liquid
and frozen storage, thus permitting greater integration into artificial breeding programs to
preserve genetic diversity. This thesis is a series of studies on the chilled and frozen
preservation of Asian elephant spermatozoa including novel approaches for this species. These
studies improve our understanding of the biology of Asian elephant spermatozoa and how this
interacts with various preservation techniques.
Since freshly extended semen is typically used for AI (Brown et al., 2004a; Thongtip et al.,
2009), optimising liquid semen storage and transport conditions are necessary to maximise
sperm survival. Chapter 2 and 3 demonstrated the ability of Asian elephant spermatozoa to
survive in vitro storage and either supplementing or modifying the extender can influence the
longevity of the sperm. Exogenous antioxidants are added to semen extenders as a protective
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action by reducing the amount of ROS. Excessive amounts of ROS are suspected to be one of
the major causes of poor sperm quality upon collection (Satitmanwiwat et al., 2017) and a high
incidence of sperm DNA damage during liquid storage (Imrat et al., 2012b) in Asian elephants.
Chapter 2 investigated supplementing Asian elephant semen extender with glutathione, an
antioxidant previously used with success in domestic species (Zhandi and Ghadimi, 2014), and
lactotransferrin, a protein identified to be correlated with high initial motility in Asian elephant
ejaculates (Kiso et al., 2013). This study was performed using limited samples from two
individual bulls, yet still demonstrated variation in antioxidant effect across different males.
Where one bull did not show any improvement in preserving sperm quality with supplemented
antioxidants, another ejaculate from a separate bull (of poorer initial sperm quality) showed
potential benefits of supplementing the extender with lactotransferrin. Both bulls did show
detrimental effects of GSH (2-10 mM) on sperm parameters over 72 hours, reducing sperm
motility and percentage of spermatozoa with intact acrosomes. Whether these negative effects
of GSH are due to the choice of antioxidant or the concentration used remains undetermined.
Other antioxidants, such as catalase, may be worthwhile investigating as different types of
antioxidants reduce the amount of ROS via different mechanisms. Further studies should also
explore ROS activity in Asian elephant semen during preservation processes to suggest an
effective choice of antioxidant to preserve sperm quality for assisted breeding programs.
The study presented in Chapter 2 also optimised the storage temperature of Asian elephant
spermatozoa over 72 hours. For liquid storage of Asian elephant spermatozoa beyond 24 hours,
temperatures below body temperature (35⁰C) have previously been reported to be beneficial
(Kiso et al., 2011). Like Asian elephant spermatozoa, boar spermatozoa are highly susceptible
to damage during cooling (Parks and Lynch, 1992) and temperatures below 15⁰C can cause
cold-shock and loss of viability (Althouse et al., 1998). Chapter 2 results showed higher Asian
elephant sperm motility parameters, indicative of greater fertilising potential, at 4⁰C compared
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to 15⁰C over 72 hours with multiple bulls. When utilising liquid storage of Asian elephant
semen for AI programs, it is often collected and inseminated within 24 hours to increase the
chance of successful fertilisation and pregnancy. This limits the geographic distance between
elephants to which AI techniques can be applied. The results in Chapter 2 stress the importance
when transporting Asian elephant semen, it is crucial to maintain at 4⁰C to preserve the best
fertilising potential, and granted a high quality ejaculate can be obtained this may prolong the
permissible storage time to allow greater transport distances between elephant-holding
institutes.
Further optimisation of the chilling extender for Asian elephant spermatozoa was demonstrated
by trailing different sugars in Chapter 3. The sugar component of the extender, which varies
between research studies, was shown to have an important effect on the preservation of in vitro
parameters of Asian elephant spermatozoa. The results in Chapter 3 demonstrate the benefits
of using trehalose as the main extender sugar for best preserving Asian elephant sperm
parameters during liquid storage at 4⁰C over 48 hours. Most used extenders for Asian elephant
semen preservation utilise the monosaccharides glucose or fructose. However, the results
shown in Chapter 3 present a new insight with a potential new and better alternative in
trehalose, a disaccharide. Whether these beneficial effects of trehalose are linked with
metabolic pathways of Asian elephant spermatozoa or other alternative interactions with the
spermatozoa remains undetermined. Further investigations of optimal types of sugars are
necessary to (1) characterise Asian elephant sperm metabolism, and (2) formulate an extender
to better preserve Asian elephant sperm parameters during chilled storage and cryopreservation
processes. The studies presented in Chapter 2 and 3 are the first to investigate optimising Asian
elephant sperm survival during chilled storage by supplementing the extender with
antioxidants, or to directly compare various types of sugars. They provided valuable
information on Asian elephant sperm survivability when components of the chilling extender
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are changed. The practical significance of these findings is to optimise transportation methods
of extended semen between elephant-holding institutes in AI programs. Within the Oceania
region, the exchange of chilled semen between elephant-holding facilities is currently limited
to major cities across Australia and New Zealand. With improved longevity of chilled stored
Asian elephant spermatozoa, more zoological institutes across the greater Australasian region
may be incorporated, allowing a greater dissemination of genetic across captive Asian elephant
populations.
Chapter 3 results also demonstrated the potential benefits of supplementing the extender with
DMSO and Equex to better preserve Asian elephant sperm motility and membrane
functionality and acrosome integrity. The mechanisms by which these treatments preserved
sperm parameters over 48 hours chilled liquid storage are not well understood. Improving our
understanding of the ability of Asian elephant spermatozoa to tolerate the stresses caused by
cryoprotectant agents during chilled liquid storage can aid in the optimisation of
cryopreservation extenders and protocols to improve AI with frozen-thawed semen. The
detrimental effects of the amides suggest they may impose negative effects during the
cryopreservation process, but this could be tempered by limiting exposure time to these
compounds during pre-freeze cooling (less than 20 min; Iaffaldano et al., 2012). The lesser
harmful effects of DMSO and Equex seen in this study may prove beneficial for optimising
Asian elephant spermatozoa freezing extenders which instead often utilises glycerol as the
main cryoprotectant. Where prolonged pre-freezing chilled liquid storage of Asian elephant
semen may be necessary, such as in field conditions with limited access to freezing equipment,
DMSO with Equex may provide a better alternative to glycerol which has previously shown
cytotoxic effects on Asian elephant spermatozoa (Kiso et al., 2012). Although these findings
were concluded from limited ejaculates and bulls, these questions were explored in the
subsequent Chapter 4.
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Further objectives of this project were to optimise sperm cryopreservation in Asian elephants
by modifying components of the freezing extender and processing prior to freezing. The results
in Chapter 4 and 5 demonstrated changing cryoprotectant combinations in the freezing extender
and removing/adding seminal plasma prior to freezing will influence the post-thaw quality of
Asian elephant spermatozoa. Since high glycerol concentrations are known to be toxic to Asian
elephant spermatozoa and be detrimental to fertility in other species, alternate cryoprotectants
should be considered. Chapter 3 demonstrated greater toxic effects from amides on Asian
elephant sperm parameters during chilled storage and therefore would not be a suitable
alternative to glycerol for cryopreservation. In Chapter 4, substituting the cryoprotectant
glycerol with DMSO did not improve cryosurvival of Asian elephant spermatozoa upon postthaw assessment. However, the addition of the surfactant Equex, with active ingredient sodium
dodecyl sulphate, to a Tris-egg yolk-based extender did demonstrate protective effects on
sperm membranes and acrosome integrity post-thaw. These findings contribute to a critical step
in optimising current Asian elephant semen cryopreservation protocols. These studies warrant
current Asian elephant semen cryopreservation protocols to utilise freezing extenders
supplemented with Equex STM paste to improve the fertilising potential of the spermatozoa
post-thaw, and thus the chance of successful conception upon AI. However, further studies are
needed to investigate improving the post-thaw motilities reported in the studies throughout this
thesis before resources and expenses should be allocated to AI trials with receptive females.
Future studies into ARTs such as in vitro fertilisation (IVF) and intracytoplasmic sperm
injection (ISCI) may be worthwhile. This would particularly suit the outcomes of the studies
reported in this thesis, due to the reoccurring low percentages of total sperm motility after
preservation. Although high percentages of sperm motility were not able to be maintained,
particularly after cryopreservation, other sperm parameters such as viability, acrosome
integrity and DNA integrity showed high preservation with the procedures tested. These sperm
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parameters, as assessed by flow cytometry and staining, have shown high correlation with
predicting fertility success in other species (Sellem et al., 2015). However, to date there is no
routine procedure to recovery oocytes from female Asian elephants to perform these in vitro
fertility trials. Female Asian elephant gametes have only been collected opportunistically at
post-mortems (Hermes et al., 2007). Further development of these ARTs in elephants will
depend on the development of new technical approaches for repeated harvesting of oocytes,
collected from live donors. These techniques although successful in domestic species, remain
non-functional in megavertebrates due to their anatomical dimensions (Hildebrandt et al.,
2000b). Another largely understudied area of Asian elephant male reproduction research is the
effects of seminal plasma during sperm handling, storage and assisted reproductive techniques.
It is a popular theory that the variation in manual rectal massage technique during semen
collections can cause inconsistencies in seminal plasma constituents in the ejaculate which may
be affecting seminal quality (Kiso et al., 2013). This project investigated the effects of seminal
plasma during cryopreservation of Asian elephant spermatozoa and characterised the
proteomic profile of Asian elephant seminal plasma. Chapter 5 trialled seminal plasma sourced
from high quality Asian elephant ejaculates (based on high initial sperm motility) but instead
found seminal plasma from a large mix of ejaculates of varying quality to be more beneficial
in terms on protecting sperm velocity parameters post-thaw. Similarly, seminal plasma sourced
from heterospecific stallion ejaculates also better preserved Asian elephant sperm velocity
characteristics as measured by CASA post-thaw. The exact mechanisms behind these findings
remains largely unknown, and much about Asian elephant seminal plasma remains to be
elucidated. The findings of Chapter 5 do suggest some constituents of seminal plasma, also
found in stallion seminal plasma, improve the quality of Asian elephant spermatozoa after
cryopreservation which warrants further investigation. As found with the varying sources of
seminal plasma, results may also vary between males and whether this cryoprotective property
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of seminal plasma is due to the variation of ejaculate quality or the freezability of the male’s
sample also requires further investigation. Overall, the advancements in optimising Asian
elephant sperm cryopreservation presented in Chapter 4 and 5 are steps in development of a
gene resource bank to allow improved preservation of genetic diversity amongst this species.
To further assist the understanding of the biological importance of seminal plasma in Asian
elephants, Chapter 5 also reported the first full Asian elephant seminal plasma proteome. Using
mass spectrometry techniques, a total of 155 proteins were identified. Some similarities with
other species seminal plasma proteomes were found, but as already established, the role of
certain seminal plasma proteins can vary vastly in sperm interactions and fertilisation processes
across different species (Druart et al., 2013). This project establishment of the Asian elephant
seminal plasma proteome has been a fundamental initial step in investigating the properties of
seminal plasma unique to this endangered species reproduction. This permits us to further
explore and characterise components of Asian elephant seminal plasma responsible for
sperm/ejaculate quality and fertility. This would be highly desirable for future studies to
improve poor semen quality in Asian elephant ejaculates and advance the preservation of sperm
fertilising capability during in vitro storage techniques.
Unfortunately, at present a high proportion of Asian elephant bulls produce semen of very poor
quality, which precludes their contribution to the gene resource bank for this species. This was
a reoccurring limitation of this project; hindering the number of ejaculates we could utilise as
replicates for statistical validity of results. Unsurprisingly, the initial quality of an ejaculate
influences the freezability and longevity of the sample (Imrat et al., 2013; Roca et al., 2006).
For this reason, the high proportion of fresh ejaculates with very poor sperm quality is a
significant obstacle to the development of sperm preservation protocols and the improvement
of AI results for Asian elephants. Therefore, investigation into improving semen quality is
urgent as it would significantly improve the prospects of improving assisted breeding
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management options in this species. The scope for semen quality improvements largely
depends on the causes of poor semen quality which are largely unknown; hence further
attempts to identify the underlying causes of the problem should be investigated. It is
hypothesised the high variability of semen quality is due to the collection procedure, the manual
rectal massage technique (Kiso et al., 2013). Due to the manual stimulation causing a local
contraction the resulting mix of spermatozoa and seminal fluid can vary between institutes due
to different stimulator techniques (exact anatomical position at which the massage is applied
and massage rhythm and intensity), the surrounding environment and different responsiveness
of bulls to the collection technique. Trying other common collection techniques with wildlife,
such as an artificial vagina, particularly under protected contact in western zoos, is a difficult
task. While trained standing acceptance of manual rectal stimulation may be the most
convenient choice for captive elephants, perhaps investigating modifications to the procedure
to create more seminal quality consistencies should be implemented. Alternatively, applying
methods to select for motile, membrane-intact spermatozoa while discarding dead and
damaged spermatozoa from the sample could increase the number of individual bulls used in
semen preservation studies and breeding programs. Such separation techniques have been
applied to stallion semen samples with proved fertility success upon AI (Morrell et al., 2011).
Although, the utility for this selection method for AI in Asian elephant remains doubtful
considering the significant reduction in spermatozoa in the recovered sample. However, the
utility of sperm separation techniques for improving the freezability of semen from Asian
elephants with poor sperm quality should be investigated.
Altogether, the information gathered in this thesis has provided a foundation of fundamental
knowledge that can be further explored for future optimisation of liquid chilled stored and
cryopreservation protocols for Asian elephant spermatozoa. It has investigated the use of
antioxidants supplemented in the extender during chilled liquid storage over 72 hours,
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established the potential use of alternative sugars in the extender, confirmed the benefits of
glycerol and Equex as cryoprotectants in the freezing extender, recognised the cryoprotective
capabilities of seminal plasma during cryopreservation and established the first complete Asian
elephant seminal plasma proteome. Such findings provide a fundamental basis for further
development of assisted reproductive technologies in Asian elephants. Research should now
focus on further improvement of cryopreservation outcomes using either different extender
compositions or freezing protocols to minimise sperm damage, as well as continued efforts on
improving semen quality consistency when collecting samples. Due to the importance of
successful breeding in conjunction with the limited number of inseminating opportunities in
female Asian elephants in a year, there are very limited opportunities to practice fertility trials
with frozen semen samples. Nonetheless, the continued persistence leading to the first ever live
calf born from inseminated frozen-thawed spermatozoa would be a pivotal milestone in Asian
elephant reproduction research.
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Appendix 1: Supplementary Data

Supplementary Figure 1. Identified Asian elephant seminal plasma proteins categorised into
cellular component and protein class. Categorisation of proteins were from Gene Ontology
database using PANTHER (version 13.1). The graph plots the number of proteins (genes)
identified for each cellular component and protein class (GO accession).
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Supplementary Table 1. Asian elephant seminal plasma proteins as assessed by LC-MS/MS
from pooled samples.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

UniprotKB
Accession
G3SMX8
G3UD48
G3TBR7
G3T8L4
G3SS80
G3T752
G3T0S5
G3TUH4
G3T643
G3T3N6
G3SZZ0
G3UCL2

13.
14.
15.
16.
17.

G3THY2
G3U1Z4
G3U2L5
G3UBT6
G3TZ57

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

G3T9G3
G3SLB1
G3T8N4
G3U416
G3TBY5
G3SMQ4
G3SRG6
G3SNZ3
G3U7Z4
G3T7P8

28.

G3UDP9

29.
30.
31.
32.
33.
34.

G3UJ16
G3T7L7
P01011
G3SLC6
G3SV86
G3TKF2

35.
36.

G3U5F5
G3SV91

A

Protein name
Serum albumin
Epididymal-specific lipocalin-5
Low density lipoprotein receptor-related protein 2
Apolipoprotein D
Ribonuclease T2
Zonadhesin
Lactotransferrin
Chromosome 1 open reading frame 56
Superoxide dismutase [Cu‐Zn]
Carboxylesterase 5A
Enolase 1, (alpha)
Glycosylphosphatidylinositol-anchored high density lipoproteinbinding protein 1
Tetraspanin (Fragment)/CD81 molecule
Cathepsin D
Angiopoietin-like protein 5
Heat shock protein 90kDa alpha (cytosolic), class A member 1
Disintegrin and metalloproteinase domain-containing protein
18
Transferrin
Glucosylceramidase
Protein deglycase DJ‐1
Cystatin
Glucose‐6‐phosphate isomerase
Proteasome subunit alpha type
Acrosin
Sperm acrosome membrane-associated protein 1
A-kinase anchor protein 4
Gamma-glutamyl hydrolase (conjugase,
folylpolygammaglutamyl hydrolase)
Disintegrin and metalloproteinase domain-containing protein
21
Peroxiredoxin 6
Leucine-rich repeat-containing protein 37A3-like
Alpha‐1‐antichymotrypsin
5'-Nucleotidase, Ecto (CD73)
Integral membrane protein 2B
Solute carrier family 3 (amino acid transporter heavy chain),
member 2
Epididymal-specific lipocalin-8
Chromosome 6 open reading frame 10

Gene symbol
ALB
LCN5
LRP2
APOD
RNASET2
ZAN
LTF
C1orf56
SOD1
CES5A
ENO1
GPIHBP1

Mass
(kDa) B
68.8
21.5
518.1
21.6
25.5
249.2
77.3
34.1
15.7
64.0
47.2
20.7

Protein
score C
575
288
264
252
230
192
188
175
160
154
146
137

CD81
CTSD
ANGPTL5
HSP90AA1
ADAM18

23.2
41.1
26.0
85.1
60.9

134
132
121
117
117

TF
GBA
PARK7
CST6
GPI
PSMA8
ACR
SPACA1
AKAP4
GGH

108.2
57.6
20.0
16.3
62.3
27.8
40.0
32.8
89.3
35.9

111
110
107
104
104
102
102
102
99
96

ADAM21

79.5

95

PRDX6
LRRC37A3
SERPINA3
NT5E
ITM2B
SLC3A2

25.1
151.3
47.6
50.7
29.7
59.1

95
91
91
88
88
87

LCN8
C6orf10

19.5
59.4

84
84
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37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

UniprotKB
Accession
P12637
Q865C5
Q9R013
P11833
G3SST6
Q2T9U2
G3TJD5
G3SPK7
G3TGX7
G3SPV1
G3SMR6
G3TE39
G3UIH0
G3TJN1
P04836
Q01813
P00517
G3SZT3
G3SX25
G3TGE9
G3SX91
G3UDR6
G3SXD2
Q60HG7
G3TG74
P62146
G3SRB2
G3ULD6
G3T4W3
G3TVI3
Q8MI17
P00548
G3TIV6
G3SXX4
G3T2H6
Q8BFZ3
P80724
Q8H339
G3SVJ6
Q0RAR7
Q937N8
G3TIW7
G3TLL8
G3TNL2

A

Protein name
Calsequestrin‐2
Ubiquitin-40S ribosomal protein S27a
Cathepsin F
Tubulin beta chain
Alpha-1B-glycoprotein
Outer dense fiber protein 2
Ectonucleotide pyrophosphatase/phosphodiesterase 2
Coagulation factor V
Prominin-2
Left-right determination factor 2
Cysteine-rich secretory protein 3
Lysozyme D1
Biotinidase
Cylicin, basic protein of sperm head cytoskeleton 2
Carboxypeptidase E
ATP‐dependent 6‐phosphofructokinase, platelet type
cAMP‐dependent protein kinase catalytic subunit alpha
Acidic residue methyltransferase 1
cutA divalent cation tolerance homolog (E. coli)
Deoxyribonuclease II, lysosomal
Growth differentiation factor 3
Lymphocyte antigen 6H
Glutathione S-transferase Mu 3
Cystathionine gamma‐lyase
Endoplasmin
Calmodulin‐alpha
Epididymal secretory protein E1
Ig gamma-1 chain C region, membrane-bound form
Glucose-regulated protein, 78kDa
Thioredoxin domain-containing protein 2
Aldehyde dehydrogenase 1 family, member A1
Pyruvate kinase, muscle
Collagen, type XVIII, alpha 1
Angiotensin I converting enzyme
N-acylsphingosine amidohydrolase (acid ceramidase) 1
Actin, beta-like 2
Brain acid soluble protein 1
Cyclin‐D1
Neutrophil gelatinase-associated lipocalin
50S ribosomal protein L9
Aconitate hydratase
Defensin, beta 129
Binder of sperm protein homolog 1
Cofilin 1

Gene symbol
CASQ2
RPS27A
CTSF
TUBB
A1BG
ODF2
ENPP2
F5
PROM2
LEFTY2
CRISP3
LYZL1
BTD
CYLC2
CPE
PFKP
PRKACA
ARMT1
CUTA
DNASE2
GDF3
LY6H
GSTM3
CTH
HSP90B1
CALM1
NPC2
IGHG1
HSPA5
TXNDC2
ALDH1A1
PKM
COL18A1
ACE
ASAH1
ACTBL2
BASP1
CCND1
LCN2
MRPL9
ACO1
DEFB129
BSPH1
CFL1

Mass
(kDa) B
47.4
8.6
51.6
50.0
54.0
75.5
97.6
241.1
92.2
41.2
20.1
16.7
49.3
33.3
53.3
85.5
40.6
50.7
18.9
38.1
41.8
13.7
26.6
44.5
91.0
16.0
16.6
46.6
72.3
11.9
54.3
58.0
178.9
151.1
45.1
42.0
23.0
38.5
22.4
15.7
94.7
17.4
15.9
24.2
196

Protein
score C
82
82
79
78
77
72
70
70
70
69
65
65
64
64
62
60
60
60
58
58
58
56
56
56
55
54
52
50
49
47
47
46
46
46
45
45
45
45
44
44
42
42
42
42

81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.

UniprotKB
Accession
Q3T0X5
G3SLN5
G3TK33
B7J7X9
Q865V6
G3T214
G3SRI4
P05689
P46199
B1XTW6
Q93R93
G3TXA1
Q93SF3
A8HTY8
Q6UWU2
G3T1X4
G3TCM4
Q8INB9
G3U506
Q9LII9
Q5FL41
G3TKN4
Q46898
G3SSY0
G3SQJ4
G3TB72
Q3T0Y5
Q1GCQ4
O14795
A7E3Q8
Q9ZQ74
G3TA75
G3TGJ1
O42785
A5D5I3
Q48806
Q3J7V2
P29699
P57064
G3T346
Q5JPF3
Q896M5
G3SMR5
Q88U40

A

Protein name
Proteasome subunit alpha type‐1
Heat shock protein family A (HSP70) member 4 like
Beta‐hexosaminidase subunit alpha
Heat shock 70kDa protein 9 (mortalin)
Macrophage‐capping protein
Phosphoglycerate kinase 2
Rho GTPase activating protein 36
Cathepsin Z
Mitochondrial translational initiation factor 2
Guanine monophosphate synthase
Ornithine aminotransferase, mitochondrial
Coagulation factor X
Molybdenum cofactor guanylyltransferase
DNA-directed RNA polymerase III subunit B
Galactosidase, beta 1-like
Lysosomal alpha-mannosidase
Proteasome subunit beta type-4
RAC serine/threonine-protein kinase
Heat shock 70kDa protein 1A
GDSL esterase/lipase
ATP binding cassette subfamily B member 5
Trappin-2
CRISPR system cascade subunit CasD
Prostaglandin D2 synthase 21kDa
Nucleobindin 1
Acrosomal vesicle protein 1
Proteasome subunit alpha type‐2
Glycerol‐3‐phosphate dehydrogenase [NAD(P)+]
Unc-13 homolog B (C. elegans)
Plastin‐3
Pentatricopeptide repeat-containing protein 1, mitochondrial
Proteasome subunit alpha type 4
Importin-5
Ras-related protein R-Ras2
DNA-Directed RNA Polymerase III Subunit A
Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial
39S ribosomal protein L33, mitochondrial
Alpha‐2‐HS‐glycoprotein
Cytidylate kinase
Protease, Serine, 8
Ankyrin repeat domain‐containing protein 36C
Glutamate--tRNA ligase, mitochondrial
Sex hormone-binding globulin
ATP‐dependent helicase/deoxyribonuclease subunit B

Gene symbol
PSMA1
HSPA4L
HEXA
HSPA9
CAPG
PGK2
ARHGAP36
CTSZ
MTIF2
GMPS
OAT
F10
mobA
POLR3B
GLB1L
MAN2B1
PSMB4
AKT3
HSPA1A
At3g27950
ABCB5
PI3
casD
PTGDS
NUCB1
ACRV1
PSMA2
GPD1
UNC13B
PLS3
PTCD1
PSMA4
IPO5
RRAS2
POLR3A
IDH3A
MRPL33
AHSG
CMPK1
PRSS8
ANKRD36C
EARS2
SHBG
rexB

Mass
(kDa) B
29.6
94.7
60.1
68.2
38.9
44.7
67.2
33.9
81.3
59.0
43.4
53.1
25.2
153.0
74.1
111.6
29.0
68.4
70.3
40.8
41.1
14.4
25.2
21.3
53.7
29.8
25.9
33.1
180.6
70.8
76.6
29.5
123.6
24.0
130.7
67.7
6.0
37.3
23.8
95.6
199.6
56.1
42.7
136.2
197

Protein
score C
41
40
40
40
40
40
40
40
39
39
39
38
38
38
38
38
37
36
35
35
35
34
34
33
33
33
33
33
33
33
33
33
33
32
32
32
31
31
31
30
30
30
30
30

125.
126.
127.
128.
129.
130.
131.
132.
133.

UniprotKB
Accession
G3SKX6
Q6P964
G3TL56
Q758V8
A7HMM7
A4YCR6
E5R1Z3
P20812
G5EBH0

134. Q5NN52
135. G3U8F0
136. G3UBQ8
137. G3SVZ7
138. G3U638
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.

G3T7J1
G3TL28
A8F448
A8G243
P34268
P56902
Q7YRU4
Q9UJX6
G3TM25
G3T653
B0T190
B8DTX8
O74871
G3SPX1
G3SVI3
A5DQP9
G3TTL2

A

Protein name
Membrane cofactor protein
Serine/threonine-protein phosphatase 4 regulatory subunit 2
Carboxypeptidase Q
HDA1 complex subunit 3
Protein translocase subunit SecA
Elongation factor 1-alpha 1
Neutral protease 2 homolog MGYG_00813
Cytochrome P450 2A3
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase
beta-4
Transketolase
Mannosidase, alpha, class 2B, member 2
Disintegrin and metalloproteinase domain-containing protein
1a
Phosphatidylethanolamine-binding protein 4
Neural precursor cell expressed, developmentally downregulated 8
Clusterin
Beta-hexosaminidase subunit beta
N‐acetyl‐gamma‐glutamyl‐phosphate reductase
Antizyme inhibitor 1
Protein flightless-1 homolog
3-oxoacyl-[acyl-carrier-protein] synthase, mitochondrial
Malate dehydrogenase 1, NAD (soluble)
Anaphase‐promoting complex subunit 2
Zinc-alpha-2-glycoprotein
Glyceraldehyde-3-phosphate dehydrogenase, spermatogenic
Carbamoyl-phosphate synthetase 2
Pup‐protein ligase
SAP domain containing ribonucleoprotein
ADAM metallopeptidase domain 2
TBC1 domain family member 1
Actin, beta
Mucin 19, oligomeric

A

Gene symbol
CD46
PPP4R2
CPQ
HDA3
secA
EEF1A1
MGYG_00813
CYP2A6
PLCB4

Mass
(kDa) B
31.7
46.2
51.2
72.6
99.8
48.4
40.7
56.5
160.8

Protein
score C
30
29
29
29
28
28
28
27
27

TKT
MAN2B2
ADAM1A

70.3
16.9
53.2

27
27
27

PEBP4
NEDD8

20.1
9.0

27
26

CLU
HEXB
argC
AZIN1
FLII
OXSM
MDH1
ANAPC2
AZGP1
GAPDHS
CAD
pafA
SARNP
ADAM2
TBC1D1
ACTB
MUC19

48.5
59.7
38.5
73.4
144.7
44.2
36.4
93.8
34.9
48.1
36.2
55.4
26.8
81.3
132.8
40.3
129.4

26
26
26
26
26
26
25
25
25
25
24
23
22
22
22
21
21

Data from Loxodonta africana Uniprot database. Proteins that were classified as uncharacterised in Uniprot, or
identified from a non-mammalian species, were subjected to Uniprot and NCBI BLAST searching and where an
orthologous protein was known in an alternate species, the name was "italicised".

B

Protein mass as predicted by peptides sequenced by MASCOT

C

Ordered by descending protein score. Protein scores are derived from ions scores as a non-probabilistic basis
for ranking protein hits. A higher protein score indicates a higher probability of a non-spurious match.
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Analysis of Asian elephant (Elephas maximus) seminal plasma for the improved
understanding of semen collection and preservation
Cameron Negus 1, Rebecca Hobbs 2, Rebecca Spindler 3, Roslyn Bathgate 1

1

SOLES, Faculty of Veterinary Science, The University of Sydney NSW 2006

2

Taronga Western Plains Zoo, Dubbo, NSW 2830

3

Taronga Zoo, Mosman, NSW 2088

Artificial insemination is becoming an increasing part of modern reproductive management of
captive Asian elephants worldwide. However, a prerequisite for this method of artificial
breeding is the ability to reliably collect and successfully preserve a high quality semen sample
until the point of insemination. It is common for Asian elephants to produce an inconsistent
quality of semen when collected via transrectal massage of the accessory glands, particularly
in regards to sperm motility and viability. It is hypothesized that variation in semen quality
between males and ejaculates could be explained by disparity in the protein component of
seminal plasma, perhaps caused by differences in accessory glands secretions during transrectal
massaging. Therefore, the aim of this study was to improve our current knowledge on Asian
elephant semen by characterizing the complete Asian elephant seminal plasma proteome using
mass spectrometry. Nine ejaculates of varying semen quality, collected from three different
males, were used for this study. The seminal plasma was isolated from the spermatozoa and
pooled with equal quantities. The pooled sample was reduced, alkylated and digested then
loaded onto a mass spectrometer for LC-MS/MS analysis. Collected spectra were searched
against UniprotKB and customized database using MASCOT (version 2.4). After analysis, a
total of 155 proteins were identified in Asian elephant seminal plasma with an array of
molecular and biological functions. Ontology analysis of the seminal plasma proteome
identified at least 10 different molecular functions (42.5% binding, 41.0% catalytic activity)
and 22 different biological processes (15.7% metabolic processes, 15.3 % cellular processes).
Although proteins from the transferrin, nucleobindin, heat shock protein, clusterin and
carboxylesterase/lipase families were identified, the majority of the proteins have not been
identified in most of the largely common domestic species’ seminal plasma. This is the first
reported study to identify the whole proteome of Asian elephant seminal plasma. The improved
knowledge of the Asian elephant seminal plasma proteome is a fundamental step towards
identification of those proteins which may be essential to reproductive processes in the species,
as well as identifying candidate proteins to improve sperm function during application of
assisted reproductive techniques, such collection and preservation of the semen. The research
is supported by Taronga Conservation Society Australia, Perth Zoo and Melbourne Zoo.
Authors would also like to acknowledge the help of the Bioanalytical Mass Spectrometry
Facility at UNSW.
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Chilled storage is the most common method of transporting Asian elephant (Elephas maximus)
semen for artificial insemination programs to maintain genetic diversity within the captive
population. However, transport time is limited to within a few hours of collection due to
declining fertilising potential, in part due to exposure to oxidative stress during storage.
Lactoferrin is present in high quality elephant ejaculates and thought to act as a natural
antioxidant. Glutathione has shown protective antioxidant effects within domestic species
semen storage. This pilot study aimed to increase the longevity of Asian elephant spermatozoa
by addition of either lactoferrin (50, 200 and 500 µg/ml) or glutathione (2, 5 and 10 mM) during
liquid storage at either 4°C or 15°C. Semen was collected from a mature bull (n=6) via
transrectal massage and immediately assessed. Ejaculates were diluted in a TEST-egg yolk
medium supplemented with either lactoferrin, glutathione or no antioxidant (control). Each of
the treatments were further divided to be stored at 4°C or 15°C. Samples were assessed at 3, 6,
18, 24, 48 and 72 hours of storage for total motility (MOT%) and kinematic rating (KR, scale
0-5) by subjective microscopy. A Sperm Motility Index (SMI; MOT% + [KR x 20]) ÷ 2) was
calculated to provide an assessment of forward progressive motility. Fluorescent staining was
used to determine the proportion of intact acrosomes. Data were analysed using a Linear Mixed
Model. Immediately after collection, the average (±SEM) MOT%, SMI and percentage of
intact acrosomes were 85.0 ± 1.3%, 87.5 ± 2.7 and 91.7 ± 5.3%, respectively. Irrespective of
storage temperature, MOT% was higher in spermatozoa supplemented with 500 µg/ml
lactoferrin compared with all glutathione treatment groups (P<0.001) but did not differ from
the control and 200 µg/ml lactoferrin treatment groups. A similar pattern in SMI was seen
across treatment groups. However, at 48 and 72 hours, samples stored at 4°C had a superior
SMI (P<0.001) when compared to samples kept at 15°C (48.2 ± 3.3 v 37.3 ± 2.8 and 43.3 ± 4.4
v 31.8 ± 2.9, respectively). From 18 hours of storage onwards, samples supplemented with
lactoferrin, 2 mM glutathione and the control maintained the highest proportion of intact
acrosomes (P<0.001). There was no effect of storage temperature on acrosome integrity
(P<0.05). Encouragingly, samples were shown to maintain a MOT% of 33.8 ± 2.6% at 72 hours
of storage and maintained 42.9% of initial SMI. Storage at 4°C best preserved the forward
progressive motility of Asian elephant spermatozoa. Supplementation of storage medium with
glutathione is detrimental to the preservation of the overall sperm quality when compared with
either lactoferrin supplementation or no antioxidant addition. The next step will be to study
bull specific variation in this response. Research supported by Taronga Conservation Society
Australia, Perth Zoo and Melbourne Zoo.
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