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ABSTRACT

Context. The removal or supplementation of ejaculates with seminal plasma (SP) can affect
cryotolerance and post-thaw survival of spermatozoa in many species. In the Asian elephant
(Elephas maximus), elucidation of the SP proteome and investigation of how it affects sperma-
tozoa may enable improvement of cryopreservation protocols. Aims. Herein, we characterise the
Asian elephant SP proteome and investigate the impacts of SP on sperm cryotolerance in the
presence of conspecific or heterospecific SP. Methods. Proteomic analysis of Asian elephant SP was
performed using mass spectrometry on nine samples from three individuals. In a separate study, SP
was removed from six ejaculates and spermatozoa were resuspended in Tris extender supplemented
with: no seminal plasma (NOSP), conspecific SP from ejaculates exhibiting ‘good’ (GSP, >60%) or mixed
sperm total motility (MSP), or horse SP (HSP). Samples underwent cryopreservation, and sperm
parameters were compared prior to cryopreservation and after thawing (0 and 2 h). Key results. Mass
spectrometry identified 155 proteins from an array of families. Significant differences were observed
in post-thaw sperm quality between SP treatments: high concentrations of MSP (25%, v/v) displayed
greater average path and straight-line velocity immediately after thawing (P < 0.05) and greater
sperm motility index and beat cross frequency than NOSP after 2 h post-thaw incubation (P < 0.05).
The addition of HSP improved sperm kinematic parameters compared to NOSP and GSP treatments
(P < 0.05). Conclusions and implications. These preliminary findings suggest the potential of SP to
enhance the cryosurvival of Asian elephant spermatozoa, with HSP showing particularly promising
results compared to conspecific SP (GSP). Further research into the specific effects of Asian elephant
SP proteins is warranted.

Keywords: Asian elephant, cryopreservation, Elephas maximus, mass spectrometry, preservation,
proteins, semen, seminal plasma.

Introduction

The Asian elephant (Elephas maximus) is categorised by the IUCN (Williams et al. 2020)
as endangered with declining numbers, and captive breeding is a vital component of
preserving this species. The management of captive Asian elephants incorporates assisted
reproductive techniques such as artificial insemination (AI) with fresh and chilled
preserved semen to supplement natural breeding. This is in an effort to improve reproduc-
tive output, enable outbreeding to enhance genetic diversity within isolated populations,
and thus ensure the sustainability of captive populations (Hildebrandt et al. 2006).
However, the use of cryopreserved Asian elephant semen has been unsuccessful, attributed
to inconsistent quality of collected semen (Hildebrandt et al. 2000) and poor post-thaw
sperm survival. Despite multiple attempts using semen samples displaying >40% post-
thaw motility, no live Asian elephant calves have been born from frozen-thawed artificially
inseminated semen (Thongtip et al. 2009). Although research suggests methods for cryo-
sensitive spermatozoa (O’Brien et al. 2013), cryopreservation of Asian elephant semen
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still requires fundamental improvements in processing and
freezing techniques to achieve success after Al.

An ejaculate is composed of spermatozoa and the acellular
seminal plasma (SP), primarily secreted from the accessory
sex glands (Flint et al. 2015). 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 processes preceding fertilisation, as
reviewed by Juyena and Stelletta (2012), though the constituents
are highly species-dependent. Within the elephant species,
the seminal vesicles are the largest accessory sex glands and
believed to contribute the greatest proportion of volume to
the SP in the ejaculate, as indicated by a large reduction in
internal fluid volume of the seminal vesicles observed via
ultrasonography after ejaculation (Hildebrandt et al. 2000).
Similarly, in stallions, seminal vesicles also significantly
decrease in size after ejaculation (Weber et al. 1990). Although
similar effects have been recorded in the stallion ampulla, these
accessory sex glands are shown to vary in size between breeds
and seasons (Pozor and McDonnell 2002).

The protein component of SP has recently become a focal
point of reproductive research in domestic animals (Rickard
et al. 2015; Perez-Patifio et al. 2016; Aquino-Cortez et al.
2017), as SP proteins are known to contribute to the fertilisa-
tion process by remodelling the sperm surface (Mogielnicka-
Brzozowska and Kordan 2011; Rodriguez-Martinez et al.
2011). Several studies have demonstrated that specific SP
proteins influence the function and fertilising capacity of
spermatozoa (Moura et al. 2006; Vilagran et al. 2015) and,
in some species, are utilised as markers of sperm freezability
(Jobim et al. 2011; Vilagran et al. 2015). Minimal research has
been done on the proteomics of Asian elephant SP. One- and
two-dimensional gel electrophoresis have revealed a large
protein component of Asian elephant SP collected via manual
rectal massage technique, but gel spots varied greatly in size
between ejaculates (Kiso et al. 2013). A recent non-targeted
proteomic analysis using tandem-mass spectrometry revealed
1183 proteins in Asian elephant SP, of which 597 proteins
were mapped to identified proteins from 58 species, with
only a small proportion (29 proteins) recognised to be related
to reproductive processes (Wattananit et al. 2023). Continuing
to establish an Asian elephant SP proteome will likely make a
significant contribution to the development of sperm cryo-
protocols and guide selection of males and semen samples
for AI and breeding programs.

The role and benefits of SP when applying sperm preser-
vation techniques, such as cryopreservation, is still under
debate, often with varying results observed across species.
For example, horse spermatozoa are able to maintain greater
motility during cooled storage and cryopreservation when SP
is removed prior (Jasko et al. 1991; Moore et al. 2005).
However, for other species, such as humans (Ben et al. 1997),
goats (Azerédo et al. 2001), and red deer (Martinez-Pastor
et al. 2006), SP inclusion has proven to improve sperm
cryosurvival. Even within species, the reported effects of SP

during cryopreservation are conflicting. While the beneficial
effects of SP removal prior to freezing have already been
shown with stallions and boars (Kawano et al. 2004; Moore
et al. 2005), other studies in the same species have demon-
strated that SP obtained from certain males (classified as
‘good freezers’; ones demonstrating high post-thaw quality)
may improve the cryosurvival of spermatozoa from other
males (Aurich et al. 1996; Hernandez et al. 2007). Similarly,
the addition of SP from infertile bulls can reduce the fertilising
ability of spermatozoa from bulls with high fertility (Henault
and Killian 1996), which is hypothesised to be due to
differences in protein composition of the SP (Zahn et al.
2005; Vilagran et al. 2015). Because of the high variability
of sperm quality seen in fresh Asian elephant ejaculates
(Hildebrandt et al. 2000), it is possible that the SP composition,
including proteins, may be highly variable and strongly
influence the observed sperm quality (Kiso et al. 2013).

Previous studies have advocated for removal of Asian
elephant SP prior to cryopreservation (Saragusty et al. 2009).
However, others have retained the SP during freezing with
similar success (Thongtip et al. 2004, 2009). The beneficial
effects of Asian elephant SP have been more clearly demon-
strated during chilled liquid storage where sperm motility
and acrosome integrity were better maintained in the presence
of SP compared to its absence (Pinyopummin et al. 2017).
Further studies directly comparing the effects of SP, and
source of ejaculate quality, on Asian elephant spermatozoa
during cryopreservation are required to understand the role
of SP during and after the freezing process.

Studies on cryopreservation of spermatozoa using
heterospecific SP have demonstrated beneficial in vitro effects.
For example, rainbow trout (Ustuner et al. 2016) and dog
(Mataveia et al. 2010) SP have been shown to improve ram
spermatozoa cryosurvival. Horse SP (HSP) has previously
been added to Asian elephant spermatozoa during chilled
storage and has demonstrated greater preservation of sperm
motility and velocity compared to conspecific SP (Pinyopummin
et al. 2017). Furthermore, HSP was found to reverse the
detrimental effects of high dilution rates on Asian elephant
sperm motility during chilled storage (Pinyopummin et al. 2018).
Despite this, the cryoprotective effects of HSP on Asian
elephant spermatozoa have not previously been investigated.

The aims of this study were to undertake two preliminary
investigations to improve the cryosurvival of Asian elephant
spermatozoa by addition of SP proteins. Working within the
constraints of limited samples from this species, the first
investigation aimed to characterise the Asian elephant SP
proteome using mass spectrometry. The second part aimed to
investigate the effects of the presence and absence of both
con- and heterospecific SP on Asian elephant spermatozoa
during cryopreservation. This study serves as a first step
towards more thorough investigation of the effect of specific
proteins on Asian elephant spermatozoa during cryopreserva-
tion, contributing to the development of more effective assisted
reproductive technologies for this endangered species.
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Materials and methods

Experimental design

This study is presented as two experimental designs: (1)
proteomic analysis of Asian elephant seminal plasma (Fig. 1a),
and (2) cryopreservation of semen samples with and without
con- and heterospecific SP (Fig. 1b).

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 of Kasetsart University (ACKU
01858), and endorsed by the University of Sydney Animal
Ethics Committee (2016,/1010).

For the SP proteomic study, three sexually mature Asian
elephant bulls (14-40 years of age) housed at different
zoological institutions across Australia were used for semen
collection. 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. Elephants used in
this study had proven fertility. Ejaculate samples were collected
from these males between May 2013 and October 2015.
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Fig. 1.

For the cryopreservation study, nine sexually mature Asian
elephant bulls (20-35 years of age) housed at the National
Elephant Institute of the Forest Industry Organization, Lampang,
Thailand (latitude 18°21.60’N and longitude 99°14.92'E) were
used for semen collection. 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).
Elephants used in this study varied in terms of proven fertility.
Ejaculate samples were collected from these males and
analysed between August and September 2018.

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 samples were collected in
multiple fractions. Fractions with urine contamination as deter-
mined by colour and odour were discarded. Non-contaminated
fractions were pooled as a single sample for further processing.
Semen volume and pH (pH indicator strips; Universal indicator,
Merck, Germany), sperm concentration (Neubauer hemocy-
tometer; Evans et al. 1987), and the percentage of spermatozoa
with normal viability, functional plasma membranes, and
normal acrosome integrity were determined with fresh semen
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Experimental designs for the study. (a) Proteomic analysis of Asian elephant seminal plasma. Seminal plasma samples were pooled

from three males to analyse a simple representative sample of the species via liquid chromatography tandem mass spectrometry (LC-MS/MS).
(b) Cryopreservation study with and without heterospecific and conspecific seminal plasma (SP). Semen samples removed of initial seminal
plasma (n = 6 replicates) and diluted with Tris extender supplemented with varying final concentrations (v/v) of good quality seminal
plasma (GSP), mixed seminal plasma (MSP), and horse seminal plasma (HSP). NOSP, no seminal plasma. The Figure was created using

Google Drawings.
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samples as described below. Samples were held at room tempera-
ture (22-26°C) during processing, dilution, and evaluation.
Semen samples were collected and processed similarly for
both the proteomic analysis and cryopreservation study.

Proteomic analysis of Asian elephant seminal
plasma

Sample processing for proteomic analysis

Three ejaculates each from three mature Asian elephant
bulls were selected for this study. To detect the maximum
range of proteins, ejaculate samples of varying initial seminal
quality (0-90% fresh total motility) were chosen. Seminal
plasma was separated from spermatozoa by centrifuging at
10,000g for 20 min, then aspirating the supernatant void of
spermatozoa, and stored frozen (—80°C) until further
analysis. On the day of proteomic analysis, SP samples were
thawed on ice and centrifuged (10,000g for 5 min at 4°C)
to isolate the supernatant, free of any potential spermatozoa
or debris. Before proteomic analysis, total protein concentra-
tions (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 ensure equal representation of each male and ejaculate. The
pooled SP sample was kept on ice until proteomic analysis.

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 puL) were concentrated
and desalted onto a micro C18 precolumn (300 pm X 5 mm,
Dionex) with H,O:CH3CN (98:2, 0.05% trifluoroacetic acid)
at 15 pL/min. After a 4-min wash, the pre-column was
switched (Valco 10 port valve, Dionex) into line with a
fritless nano column (75 pm X ~10 cm) containing C18
media (1.9 p, 120 A, Dr Maisch, Ammerbuch-Entringen,
Germany) manufactured according to Gatlin et al. (1998).
Peptides were eluted using a linear gradient of H,O:CH3;CN
(98:2, 0.1% formic acid) to H,O:CH3CN (64:36, 0.1% formic
acid) at 200 nL/min over 30 min. High voltage (2000 V) was
applied to a low volume tee (Upchurch Scientific), and the
column tip was 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).

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 (>4000 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 ms at a target
value of 30,000 ions. M/z ratios selected for MS/MS were
dynamically excluded for 30 s.

Protein identification

All MS/MS spectra were searched against Uniprot and a
customised database using MASCOT (ver. 2.4, Matrix Science,
London, UK) with the following search criteria: enzyme
specificity was trypsin; precursor and product ion tolerances
were at 4 ppm and +0.4 Da, respectively; variable modifi-
cation 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 were determined by —10 x log(P),
where P is the probability that the observed match is a
random event. Individual ion scores >20 indicated identity or
extensive homology (P < 0.05). Protein scores were derived
from ions scores as a non-probabilistic basis for ranking
protein hits. A higher protein score indicated a higher
probability of a non-spurious match.

For identifying proteins, peptides were first searched
against the completed African elephant (Loxodonta africana)
genome (tax ID: 9784). If no match was found, then a non-
restricted search was performed. To predict uncharacterised
proteins in L. africana, FASTA codes were entered into a
BLAST search restricted to the Mammalia class (tax ID: 40674).

Gene ontology

The identified proteins were further characterised for
molecular functions, biological processes, cellular components,
and protein classes using the PANTHER classification system
(ver. 13.1; www.pantherdb.org). Gene symbols were used as
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.

Evaluation of spermatozoa

Sperm motility parameters

Sperm total motility was subjectively estimated under
phase contrast microscopy at X400 magnification as described
by Evans et al. (1987). Spermatozoa were considered non-
motile if there was no flagellar movement. Simultaneously,
the samples were given a kinematic rating on a scale 0-5, where
0 represented no flagellar movement and 5 represented rapid
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forward progressive movement (>1 sperm length/s). 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:

(Kinematic rating x 20) + Total motility (%)
2

SMI=

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 settings and procedures have been
previously described for Asian elephant spermatozoa (Thongtip
et al. 2008). The following kinematic parameters were recorded:
percentage of motile spermatozoa (MOT, %), percentage of
progressively motile spermatozoa (pMOT; %), average
velocity path (VAP, um/s), straight-line velocity (VSL, pm/s),
curvilinear velocity (VCL, pm/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.
The CASA system could not be used for fresh and pre-freeze
assessments because of the field location where semen
collection and processing occurred. However, it was deemed
appropriate to enhance comparison of post-thaw parameters
between treatment groups.

Sperm viability and plasma membrane integrity

For assessment of viability, eosin-nigrosin stain was used as
previously described (Bjorndahl et al. 2003). 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 h of staining
and smearing. Sperm morphology was assessed on eosin-
nigrosin stains by evaluating a minimum of 200 spermatozoa
for abnormalities, as described by Kiso et al. (2013).

The functional integrity of the sperm plasma membrane
was evaluated by means of the hypo-osmotic swelling test
(HOST) using a modified protocol (Matson et al. 2009) for
Asian elephant spermatozoa. A minimum of 200 spermatozoa
were assessed under phase contrast microscopy (x400) 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 (Jeyendran
et al. 1984), indicating normal plasma membrane integrity
and function.

Acrosome integrity

The acrosome integrity of the spermatozoa was assessed by
means of Coomassie blue staining technique (Larson and
Miller 1999). Briefly, 10-20 pL of sample was fixed in 250 pL
of 4% paraformaldehyde. A minimum of 200 stained sperma-
tozoa 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 the acrosomal region were categorised
as non-intact acrosomes.

Sperm DNA integrity

The integrity of sperm chromatin DNA was assessed by
acridine orange (AO) fluorescence (Tejada et al. 1984). A
minimum of 200 spermatozoa were counted on each slide by
the same examiner, and the duration of evaluation per field of
view did not exceed 40 s to minimise photo-bleaching effects.
Spermatozoa displaying green fluorescence were considered
to contain normal, intact DNA, whereas spermatozoa
displaying a spectrum of yellow—orange to red fluorescence
were considered to contain damaged non-intact DNA.

Cryopreservation study

Preparation of seminal plasma

Asian elephant SP was isolated from non-urine contami-
nated semen samples. Samples were centrifuged at 10,000g
for 20 min, and then the supernatant void of spermatozoa
was aspirated and stored frozen (—20°C) until used. Because
of the limitations in sample availability, the SP from
multiple ejaculates of Asian elephant bulls were pooled to
form two SP quality groups. Ejaculates (n = 2) displaying
fresh total motility >60% were pooled in equal volumes to
form the ‘good’ seminal plasma (GSP) treatment. Ejaculates
(n = 9) 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 the MSP treatment to encompass all types of
ejaculate quality and better represent the ‘average’ Asian
elephant ejaculate. Horse seminal plasma (HSP) was obtained
from stallion ejaculates (n = 2) exhibiting greater than 60%
fresh sperm motility. Two stallions (from Pinyopummin
et al. 2017, 2018) were used for semen collection via
artificial vagina (Davies Morel 1999). Upon pooling, semen
samples were centrifuged (12,000g for 5 min) and seminal
plasma aspirated. Spermatozoa from ejaculates pooled for
the SP treatments (Table 1) were discarded, and new semen
samples were collected for cryopreservation experiments.

Seminal plasma treatments, cryopreservation and

thawing

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%; Thongtip et al. 2009; Kiso et al. 2012) was
used to allow inclusion of a greater number of replicates for
the purpose of statistical validity.

Fresh Asian elephant semen samples meeting this criterion
(n = 6) were each diluted (1:1) with Tris-based extender
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Table1. Quality of original ejaculate samples used for seminal plasma
quality groups.
Male Total motility (%)
Good quality seminal plasma (GSP) Bull 1 60
Bull 2 65
Mixed quality seminal plasma (MSP) Bull 2 65
Bull 3 5
50
Bull 4 0
Bull 5 0
Bull 6 40
20
Bull 7 0
Bull 8 5
Horse seminal plasma (HSP) Stallion 1 65
Stallion 2 80

Total sperm motility of original ejaculate samples selected for seminal plasma
extraction to form the seminal plasma quality groups for the cryopreservation
study. Selection criteria based on total sperm motilities of fresh ejaculates or
species. All samples in the table were used only for seminal plasma extraction
(spermatozoa fractions were discarded).

containing 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). This extender was adapted from use with
dog spermatozoa (Pena and Linde-Forsberg 2000), and has
previously shown success in preserving Asian elephant
spermatozoa (Pinyopummin et al. 2017). All chemicals in
this study were purchased from Sigma Chemical Company
(St Louis, MO, USA) unless stated otherwise. The diluted
samples were then centrifuged (125g for 10 min) for the
removal of pre-existing SP. The sperm pellet was re-diluted
with a Tris-SP mixture (from categories of SP described in
Table 1) to divide each ejaculate across six treatments with
final concentration of prepared SP (v/v) before freezing of:
0% SP (no seminal plasma, 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). These
concentrations were based on those used by Pinyopummin
et al. (2017). Diluted spermatozoa were then placed into a
waterbath consisting of 100 mL of water at room tempera-
ture, fully submerged, and chilled to 4°C, over 90-105 min.
After chilling, 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 allowed to equilibrate with cryoprotectants 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 (Kiso et al. 2012).
Pre-freeze assessments were conducted after the cryoprotec-
tant was completely added and immediately before straw
loading.

Semen straws containing cryopreserved spermatozoa were
thawed by agitating in a 37°C waterbath for 30 s. Spermatozoa
were expelled into glass tubes and slowly diluted (1:1)
with the base Tris extender warmed to 37°C. An aliquot of
spermatozoa was immediately assessed for post-thaw evalua-
tion of sperm motility, kinematics, sperm viability, plasma
membrane integrity, acrosome integrity, and DNA integrity
as described above (0 h). The original tube was kept at
37°C for a further 2 h and then reassessed.

Statistical analyses

Data from the cryopreservation study were analysed using
Linear Mixed Model in GenStat (ver. 16, VSN International
Ltd, Hemel Hempstead, UK) to determine the effects of SP
treatments, time of sperm assessment, and the interaction
between both. All measured sperm parameters were
statistically analysed. The effects of SP treatment (GSP-low,
GSP-high, MSP-low, MSP-high, NOSP and HSP) and time
point (pre-freeze where applicable, and 0 h and 2 h post-
thaw incubation) were included in the fixed model with
bull/ejaculate as the random term. If interactions were
nonsignificant 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.). The decision was made to
present the data as means + s.e.m. despite the small sample
size to enable better comparison between this study and
those previously published. For all analyses, statistical
significance was defined as P < 0.05.

Results

Proteomic analysis of Asian elephant seminal
plasma

The fresh seminal characteristics of ejaculates selected for SP
pooling for proteomic analysis are displayed in Table 2. Total
protein concentration of Asian elephant SP ranged from 3.3 to
11.9 mg/mL with an average of 8.0 + 1.2 mg/mL.

Mass spectrometry identified a total of 155 proteins
(Supplementary Table S1) in the pooled sample of Asian
elephant SP. The top 30 proteins with the highest protein
scores are displayed in Table 3.

The proteins identified in Asian elephant SP are known
to be involved in a wide range of molecular functions and
biological processes, as per gene ontology assessment via

6
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Table 2. Semen characteristics of selected samples pooled for proteomic analysis of Asian elephant seminal plasma.
Ejaculate Ejaculate fraction Concentration pH Total Viability (%) Normal Seminal plasma
volume (mL) (x10® sperm/mL) motility (%) morphology (%) total protein (mg/mL)

Bull 1 1 12 1280 7 0 14.2 321 n7
2 5 13225 6 40 10.3 46.9 87

3 23 2415 6 20 8.8 66.3 1.6

Bull 2 1 5 64 85 80 453 n/a 33
2 3 815 85 50 37.0 n/a 8.0

3 4.5 715 9 0 627 57.9 9.0

Bull 3 1 3 585 85 90 53.0 929 3.6
2 15 n/a 8 70 785 815 42

3 7.5 n/a 7 50 n/a n/a n9

Mean 87 102811 7.6 44.4 387 62.9 8.0

s.em. +2.3 +2821 +04 +10.9 +9.2 +9.1 +1.2

n/a, not applicable.

PANTHER (Fig. 2). Of the total 155 Asian elephant SP
proteins, nine 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 (G0:0005488; 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 the most common amongst
the identified Asian elephant SP proteins. Only six genes
(4.1% of total gene hits) were categorised with ‘reproduction’
as a 