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Preface

Motivation for this volume on applied animal andrology derives from a number of sources. 
Firstly, the science of andrology (or male reproduction) is rapidly evolving. Fifty years ago, few 
would have envisaged today’s capabilities, which include identifying specific genomic sites 
for factors directly affecting male reproduction including those associated with sex-related 
defects or disease. Reproductive technologies such as cryopreservation, in vitro fertilization 
(IVF) and intracytoplasmic sperm injection (ICSI) have become routine andrological proced-
ures. In the animal world, these complement established technologies such as those used for 
oestrous detection and synchronization, artificial breeding and embryo transfer. Rapidly 
evolving technologies such as molecular and cell biology, proteomics and genomics are trans-
forming animal reproduction and livestock production as well as our capabilities to conserve 
threatened and endangered species. Such progress becomes even more astounding when one 
considers that frozen semen AI (artificial insemination) has been routinely applied in livestock 
for only 60 years, the recognition of male factor infertility extends back scarcely 100 years and 
it is less than 250 years since Antonie van Leeuwenhoek used an ‘advanced-magnifier micro-
scope’ to describe ‘animalcules’ within an ejaculate.

An outcome of this accelerating tsunami of knowledge is that it is becoming very chal-
lenging for experts in the field to remain abreast of relevant advances in andrology, let alone 
for those who should benefit from their practical application. Andrology itself is becoming so 
compartmentalized that the exchange of information across its different sub-disciplines is con-
strained and it is becoming more and more difficult to maintain an overview. Not too many 
years ago, there were several pertinent scientific journals only, while today there is a profusion 
of them. Indeed, Thaddeus Mann and Cecilia Lutwak-Mann could hardly have envisaged the 
scope of subsequent developments when they wrote the following preface to their landmark 
book, Male Reproductive Function and Semen, in 1980: ‘To present a coherent and meaningful 
survey of scientific research endeavour in an area that has expanded so rapidly as physiology 
and biochemistry of reproduction in the male is no mean feat these days’. However, despite the 
accumulation of more and better knowledge, or perhaps because of the volume and complexi-
ties involved, it is apparent that practical implementation of many potential benefits is either 
not occurring or is being unnecessarily delayed. There is an evident need to facilitate the flow 
of information between animal andrological science and its potential end users.

Such considerations present both challenges and opportunities in attempting to produce 
a compendium that summarizes current knowledge and wisdom in animal andrology. 



Experience from over 40 years of teaching animal reproduction to veterinary and animal 
science students in both the USA and Australia (PJC) indicates that such a text could represent 
a useful and relevant resource. Another thread comes from long experience with the livestock 
artificial breeding industries (SPL), in which warm support for such a book has been expressed.

An additional important consideration is the pressing need to boost animal protein pro-
duction in developing countries, where a burgeoning human population is causing increased 
stress on food resources. Here, livestock productivity is often low; a situation compounded by 
poor reproductive rates. Although it is conceded that a number of factors are involved in this 
scenario, there is general acceptance of the need for widespread dissemination and adoption 
of the basic precepts of good reproductive management.

Similar sentiments to those above led to the formation in 1997 of the ‘Association for Applied 
Animal Andrology’ (4A; see http://www.animalandrology.org/), which aspires to improve net-
working and understanding in the discipline of andrology as applied to those animals that are of 
direct use to mankind. A major founding objective of 4A was to help provide an effective conduit 
so that current scientific knowledge in andrology can be translated into practices that can directly 
benefit animal reproduction. This objective is considered to be even more pertinent today, when 
artificial breeding of many species – e.g. cattle, horses, sheep, deer, dogs, pigs, camelids, chick-
ens, zoo animals – has become so widespread, and superior animal genetics, in the form of liquid 
or frozen semen, are routinely transported across continents.

In this situation, relevant knowledge and expertise are at a premium, both in developed and 
developing countries. However, despite an increasing demand for competent animal reproduc-
tion/andrology expertise and services, opportunities for appropriate education and training are 
decreasing. Thus, this text aims to provide useful information for those teaching animal physiol-
ogy at a tertiary level (and possibly at high secondary level), as well as a reference for those 
interested in male animal reproductive evaluation (and performance), and in semen evaluation, 
handling and use for artificial breeding. The book attempts to provide the necessary basic infor-
mation, and this then leads to informed evaluation of male reproductive function in domestic 
and exotic species (including semen collection, preservation and evaluation) and newer develop-
ments in animal andrology, including advanced reproduction techniques (ART).

As editors, we would be extremely remiss if we did not acknowledge the immense con-
tributions made to animal andrology over many years by dedicated scientists from a number 
of disciplines, including andrology, gynaecology, biochemistry, physiology, physics, and ani-
mal and veterinary science. The list of individuals who deserve appropriate recognition is 
indeed long, and in the current context we can only attempt to mention some who have made 
exceptional contributions in terms of applied animal andrology, in the sure knowledge that 
we have inadvertently omitted worthy candidates. This book is dedicated to several individ-
uals who have had significant influence on either of the editors. Other names that should 
be duly recognized within this context include: J.O. Almquist; R.P. Amann; L. Ball; A. Bane; 
J. Bedford; W. Bielanski; A.W. Blackshaw; E. Blom; T. Bonadonna; B. Brackett; M.C. Chang; 
B.G. Crabo; H.M. Dott; P. Dzuik; D.W. Fawcett; R.H. Foote; D. Galloway; D. Garner; R.M.C. 
Gunn; J. Hammond; R.A.P. Harrison; A. Iritani; L.A. Johnson; R. Jones; N. Lagerlof; A. Laing; 
H. Lardy; T. Mann; W.G.R. Marden; D. Mortimer; H.G. Osborne; B.W. Pickett; C. Polge; L.E.A. 
Rowson; R. Saacke; G.W. Salisbury; B.P. Setchell; S. Solomon; M. Tischner; G.M.H. Waites; 
W.W. Williams; and R. Yanagimachi.

We believe that the contributing authors to this volume are cut from similar cloth, and 
represent today’s animal andrology leaders in their respective categories. We are immensely 
proud that such a sterling team, drawn from North and South America, Australasia, Micronesia, 
Europe, the Middle East and Pakistan, has been assembled for the task. We are most apprecia-
tive of their efforts and patience in the preparation of this tome, as we are of the staff of CABI, 
Sarah Hulbert and Emma McCann, and Connie Clement, our Australian editorial assistant.

Peter J. Chenoweth and Steven P. Lorton

x Preface
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* E-mail: brian.setchell@adelaide.edu.au

1 Semen and its Constituents

Brian P. Setchell*
University of Adelaide, Adelaide, South Australia

A large amount of information is now 
available about the structure of the sperm-
atozoa, and for details the reader is referred 
to the many detailed reviews on this topic 
(Bishop and Walton, 1960; Phillips, 1975; 
Bedford and Hoskins, 1990; Gage, 1998; 
Bedford, 2004; Eddy, 2006). In brief, the 
spermatozoa of the domestic mammals 
have spatulate heads containing the nuclear 
DNA, with an acrosome covering the anter-
ior pole, attached by a specialized neck 
structure to a midpiece and tail. The mid-
piece consists of a helix of mitochondria 
surrounding the central two and surround-
ing nine fibres, which extend into the tail. 
The sperm of the domestic mammals are 
relatively small, at least when compared 
with those of most rodents, and are similar 
in size and structure to human sperm. The 
sperm of most murid rodents are much 
larger and quite different in shape, being 
falciform or hook shaped, with the acro-
some over one side of the head.

Other cells

As well as spermatozoa, white blood cells 
(WBC) are often found in semen. In humans, 
more than 10 WBC/ml semen is often associated 

Introduction

Semen, the material that is emitted from the 
penis at ejaculation, comprises a cellular com-
ponent, the spermatozoa, and a liquid phase, 
the seminal plasma. The volume of semen in 
a single ejaculate varies widely among the 
domesticated mammals, from about 1 ml in 
sheep and goats to as much as half a litre in 
pigs. The density of spermatozoa also varies, 
being much higher in those species with 
small ejaculates and lower in those ejaculat-
ing large volumes.

Semen is composed of secretions of the 
ampulla of the ductus deferens, and of the 
accessory glands, seminal vesicles and pros-
tate, as well as fluid and spermatozoa from 
the cauda epididymis. Individual compo-
nents may have different origins.

Composition of Semen

Spermatozoa

The fraction of the semen made up by sperm-
atozoa is known as the spermatocrit, and 
ranges from more than 30% in sheep to less 
than 2% in pigs (Table 1.1).
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Table 1.1. Some details of the composition of the semen of the domestic animals. Based on data from 
Mann, 1964; Mann and Lutwak-Mann, 1981. Reproduced from Setchell, 1991, with permission from Elsevier.

Bull Ram Goat Boar Stallion

Semen
Dry weight (%) 9.5 14.8 – 4.6 4.3
pH 6.48–6.99 5.9–7.3 – 6.85–7.9 6.2–7.8
Specific gravity 1.035 – – – 1.013
Sperm concentration 

(× l06/ml)
300–2000 2000–5000 1000–5000 25–350 30–800

Spermatocrit (%) 10 33 – 2 3
Volume (ml) 2–10 0.5–2 0.5–2.5 150–500 20–300

Seminal plasma
Acetylglucosaminidase

(units/ml)
15,000 16,000 – – –

Ascorbic acid (mg/100 ml) 8.7 5 – – –
Bicarbonate (mmol/l) 7.1a 7.1a – – –
Calcium (mmol/l) 9.3 1.9 – – 6.5
Chloride (mmol/l) 49 18 – 96 –
Citric acid (mg/100 ml) 357–1000 137 – 36–325 8–53
Ergothioneine (mg/100 ml) Trace Trace Absent 6–30 3.5–13.7
Fructose (mg/100 ml) 120–540 150–600 – 20–40 <1
Glutamic acid (mg/100 ml) 35–41 76 – – –
Glycerylphosphorylcholine 

(mg/100 ml)
110–500 1600–2000 1400–1600a 110–240 40–110a

Inositol (mg/100 ml) 25–46 10–15 – 380–610 19–47
Magnesium (mmol/l) 3.4 2.4 – – 3.8
Mannosidase (units/ml) 400 50 – – –
Potassium (mmol/l) 44 23 – 16 26
Protein (g/100 ml) 3–8 – – – –
Sodium (mmol/l) 117 78 – 122 114
Sorbitol (mg/100 ml) 10–136 26–120 – 6–18 20–60

aWhole semen.

with infertility (Wolff, 1995), although this view 
is now not universally accepted (Aitken and 
Baker, 1995; Lackner et al., 2010; Tremellen and 
Tunc, 2010; Henkel 2011). In domestic mam-
mals, WBC are often present in small numbers 
in semen, although there appears to be no rela-
tionship between their numbers and abnor-
malities of the sperm (Sprecher et al., 1999; 
Sutovsky et al., 2007; Alghamdi et al., 2010).

Carbohydrates

One of the most remarkable features of semen 
is that the predominant reducing sugar is 
not glucose, as in blood, but fructose (Mann 
1946a,b), a sugar more usually found in plants. 
Small amounts of glucose are also present, 

and boar semen in particular contain large 
concentrations of inositol, but less fructose 
than semen from bulls or rams (Mann, 1951). 
Stallion semen also contains inositol and 
lower concentrations of fructose (Baronos, 
1951; Mann et al., 1963), and other compounds 
of inositol are also present in some species 
(Seamark et al., 1968). Fructose in bulls and 
rams originates in the seminal vesicles, with 
some from the ampulla, but in the stallion, 
most comes from the ampulla. Inositol is 
secreted in the seminal vesicles (Mann and 
Lutwak-Mann, 1981).

Both glucose and fructose can be utilized 
by sperm, either by oxidation or glycolysis, 
although the Michaelis constant (Km) for glu-
cose is much lower than that for fructose (see 
Ford and Rees, 1990). The mitochondria, in 
which oxidative phosphorylation occurs, are 
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arranged as a helix around the midpiece of 
the sperm, whereas the glycolytic enzymes 
are concentrated in the principal piece of the 
tail, while some are bound to the fibrous 
sheath of the flagellum. However, it is unlikely 
that glycolysis alone could generate enough 
ATP for full motility, and while diffusion 
from the mitochondria may be sufficient in 
smaller sperm, in larger sperm it is likely that 
an adenylate kinase shuttle is involved in 
moving ATP from the mitochondria to the fla-
gellum (Ford, 2006; Miki, 2007; Storey, 2008; 
Cummins, 2009). There is evidence for the 
occurrence in sperm of specific glucose trans-
porters that can transport both glucose and 
fructose (Purcell and Moley, 2009).

Proteins, amino acids and other 
nitrogen-containing compounds

Seminal plasma contains a variety of proteins 
and peptides, the total concentration being 
somewhat less than that in blood plasma (Mann 
and Lutwak-Mann, 1981). Seminal plasma pro-
teins are derived from the epididymis and the 
accessory glands, and are involved in several 
essential steps preceding fertilization, includ-
ing capacitation, establishment of the ovi-
ductal sperm reservoir, modulation of the 
uterine immune response, sperm transport 
in the female tract and gamete interaction 
and fusion (Calvete et al., 1994; Topfer-Petersen 
et al., 2005; Karekoski et al., 2011).

Some proteins are higher in the semen of 
fertile bulls, whereas others are more abun-
dant in the semen of bulls of lower fertility 
(Killian et al., 1993; Bellin et al., 1998; Brandon 
et al., 1999). In stallions, the abundance of 
some proteins (kallikrein-1E2, clusterin and 
seminal plasma proteins 1 and 2 (SP1 and 2) 
are negatively related to fertility, whereas 
cysteine-rich secretory protein 3 (CRISP3) is 
positively related (Novak et al., 2010).

Other proteins are involved in sperm–
egg interactions and cell cycle regulation 
(Gaviraghi et al., 2010). Identified proteins 
include leptin and insulin-like growth factor I 
(IGF-I; Lackey et al., 2002) and phospholipid-
binding proteins involved in sperm mem-
brane lipid modification during capacitation 

(Manjunath and Therien, 2002). Seminal 
plasma from stallions contains SSP-7 (stallion 
seminal protein 7, also known as horse semi-
nal protein 7 – HSP-7), a member of the sperm-
adhesin protein family that is involved in 
the sperm binding to the zona pellucida of the 
oocyte (Reinert et al., 1997), and there are also 
heparin-binding proteins, which modulate 
capacitation (Miller et al., 1990; Nass et al.,
1990; Bellin et al., 1994). Other proteins inhibit 
in vitro and cooling-induced capacitation 
(Vadnais and Roberts, 2010) and the ability of 
sperm to penetrate zona-free oocytes (Henault 
et al., 1995; Henault and Killian, 1996), as well as 
sperm transport and elimination (Troedsson 
et al., 2005), sperm longevity (Karekoski and 
Katila, 2008) and storage in the oviduct 
(Gwathmey et al., 2006). Seminal plasma from 
pigs contains high concentrations of trans-
forming growth factor b (TGF-beta), an import-
ant immune deviating agent (Robertson et al.,
2002).

Seminal plasma also contains consider-
able concentrations of free amino acids, par-
ticularly glutamic acid in rams and bulls 
(Setchell et al., 1967; Brown-Woodman and 
White, 1974) and hypotaurine in boars (Van der 
Horst and Grooten, 1966; Johnson et al., 1972). 
Hypotaurine may be important in preventing 
damage to sperm by reactive oxygen species 
(Alvarez and Storey, 1983; Bucak et al., 2009).

There are also appreciable concentra-
tions of carnitine in the seminal plasma of 
rams (Brooks, 1979), bulls (Carter et al., 1980) 
and stallions (Stradaioli et al., 2004). This sub-
stance is involved in fatty acid transport 
in other tissues, but that present in semen is 
largely derived from the epididymis (Hinton 
et al., 1979). Boar semen also contains ergo-
thioneine, the betaine of thiolhistidine, a 
sulfur -containing reducing base, which comes 
mainly from the seminal vesicle (Mann and 
Leone, 1953); it is also present in stallion 
semen, but in this species, it originates 
largely from the ampulla (Mann and Lutwak-
Mann, 1963).

Semen and seminal plasma from rams, 
bulls, goats, boars and stallions were found to 
contain considerable amounts of glycerophos-
phorylcholine, which originates largely from 
the epididymis (Dawson et al., 1957; Brooks 
1970), as well as glycerylphosphorylinositol.
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Lipids

Semen contains considerable amounts of 
lipid, both neutral lipids and phopholipids, 
most of which is in the spermatozoa (Hartree 
and Mann, 1959). In ram semen, the most 
abundant phospholipid is choline plasmalo-
gen (also known as phosphatidalcholine), 
whereas in boars, it is lecithin (also known 
as phosphatidylcholine) and in bull sperm, 
the two phospholipids are present in approxi-
mately equal amounts (see Mann and Lutwak-
Mann, 1981). One remarkable feature of these 
phospholipids is their high concentration of 
highly unsaturated fatty acids, 22 carbons 
in length, with six double bonds (22:6) in 
rams and bulls and five double bonds (22:5) 
in boars (Johnson et al., 1969; Poulos et al.,
1973; Evans and Setchell, 1978). These con-
stituent fatty acids are particularly suscep-
tible to damage from reactive oxygen species. 
The phospholipids may also be important 
precursors of platelet activating factor (PAF), 
which is probably involved in sperm motility, 
the acrosome reaction and fertilization, and 
which is found in bull and boar sperm (Parks 
et al., 1990; Roudebush and Diehl, 2001). 
Seminal plasma from bulls and stallions con-
tains an acetylhydrolase, which may play a 
role in regulating autocrine or paracrine func-
tions of PAF (Parks and Hough, 1993; Hough 
and Parks, 1994).

Semen also contains appreciable con-
centrations of steroids. In bull semen, the 
concentrations of several steroids, including 
progesterone, dihydrotestosterone, andros-
tanediols and oestrogens are much higher 
than in blood plasma. The oestrogens appear
to come from the prostate, whereas the 
other steroids originate from the epididymis. 
Testosterone is present in seminal plasma at 
about the same concentration as in blood 
plasma, much less than in the rete testis fluid 
leaving the testis (Ganjam and Amann, 1976).

Prostaglandins were discovered in the 
1930s, and were so named because it was 
thought that they came from the prostate, 
but in fact they originate largely from the 
seminal vesicle in rams and bulls. They occur 
in smaller concentrations in the testis and 
epididymis (Voglmayr, 1973; Kelly, 1978).

Function of Semen

Transport of spermatozoa

An obvious function of the semen is the trans-
port of the spermatozoa into the female repro-
ductive tract at mating. The site of deposition 
varies according to species; it is deposited into 
the vagina in cattle and sheep, but directly 
into the uterus in pigs and to some extent in 
horses. (Anderson, 1991). Movements of the 
female tract – which are probably important 
in moving the spermatozoa from the site of 
deposition to that of fertilization – are prob-
ably influenced by some seminal constituents, 
in particular by prostaglandins (Kelly, 1978).

Metabolism of spermatozoa

It has been argued that the spermatozoa are 
in contact with the seminal plasma for too 
short a time for metabolism of their constitu-
ents to be of major importance, but several 
hours can elapse between mating and fertil-
ization, so some utilization of metabolites, 
particularly of sugars, should be possible. 
However, the sperm probably also utilize cel-
lular constituents, particularly lipids, during 
this time.

Effects of seminal plasma on the 
female reproductive tract

The possible involvement of proteins in 
the seminal plasma in the establishment of 
oviductal sperm reserves, the capacitation 
of sperm and the processes of fertilization, 
including binding to and penetration of the 
zona pellucida of the oocyte, has already 
been mentioned. It should be remembered, 
though, that the conceptus must also be pro-
tected from maternal immune attack. This is 
achieved by the action of molecules in the 
seminal plasma that bind to receptors on 
female cells and activate gene expression, 
leading to modification in cellular composi-
tion, structure and function of local and 
remote tissues, such as the ovaries, spleen 
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(e.g. the bull) by changing teaser animals or 
collection locations, or by providing move-
ment by the teaser. This chapter provides an 
overview of these and other important factors 
that contribute to the maximum reproductive 
potential of a given male.

Sperm Production and its Harvest

Successful reproduction requires two major 
contributions from the male: the production 
of adequate numbers of viable sperm, and the 
capacity to mate or to be used for semen col-
lection, so that sperm may be used for artifi-
cial insemination. Accordingly, it is important 
to select and manage the male to maximize 
sperm production and its harvest.

Spermatogenesis

The germinal cells

The seminiferous tubules contain three major 
classes of germ cells: spermatogonia, sperm-
atocytes and spermatids. The spermatogo-
nia are the least differentiated of these cells, 

Introduction

Spermatogenesis requires ~60 days in most 
mammals. It encompasses a series of succes-
sive mitotic divisions, two meiotic divisions 
and the transformation of haploid spermatids 
into spermatozoa. Spermatogenesis is suscep-
tible to disruption by many physical or chemi-
cal agents, which can produce alterations in 
seminal quality that may be manifested either 
quickly or weeks thereafter. Recognition of 
factors that are known to alter spermatogene-
sis, of the time course for the first appearance 
of alterations in ejaculated semen, and of sub-
sequent recovery after exposure to disruptive 
agents is critical for sound reproductive man-
agement. Because spermatogenesis proceeds 
independently of sexual activity, sexual in  activ-
ity results in the accumulation of sperm within 
the extragonadal ducts and subsequent losses 
via micturition. Consequently, large numbers 
of spermatozoa must be expected in ejacu-
lates taken after lengthy sexual rest. To har-
vest the maximal number of spermatozoa, 
males must be maintained on a regular, fre-
quent ejaculation schedule. Maintaining libido 
at such ejaculation frequencies can be chal-
lenging, and requires the provision of novelty. 
This can be accomplished for some animals 
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and they are distinguished from the other 
types by the fact that they undergo mitotic 
divisions that increase the number of germ 
cells, while also providing for stem cell renewal. 
By classical definition, spermatogonia with 
nucleoplasm of a smooth, coarse or intermedi-
ate texture are designated as type A, type B 
or type I (intermediate), respectively. Division 
of these cells yields subtypes, which are iden-
tified by subscripts denoting their order of 
appearance. For example, type A1 spermato-
gonia would divide to produce daughter cells 
of type A2. Successive divisions might pro-
ceed as follows: A2 → A3 → I → B1 → B2, etc. 
The number of divisions and, thus, the num-
ber of spermatogonial subtypes, is constant 
within but differs among individual species. 
The last in the series of spermatogonial divi-
sions results in the production of primary (1o)
spermatocytes.

The testis contains both primary and sec-
ondary (2o) spermatocytes, which are distin-
guished from the other germ cells by the fact 
that they undergo meiotic divisions. The 
primary spermatocytes are the most develop-
mentally advanced germ cells to replicate 
DNA. They undergo the first reduction divi-
sion to produce secondary spermatocytes, 
which receive duplicate copies of only one 
member of each pair of chromosomes. While 
the autosomes behave similarly, the sex chro-
mosomes (X and Y) are particularly useful for 
explaining the unique manner in which chro-
mosomes are passed to daughter cells during 
the meiotic divisions. Each newly formed 
somatic cell, or spermatogonium, receives 
both an X and Y chromosome; their DNA is 
replicated so that upon mitotic division each 
daughter cell receives one member of each 
chromosomal pair (i.e. one X plus one Y chro-
mosome). In contrast, the replication of DNA 
by the primary spermatocytes is followed by 
the first meiotic division, through which each 
daughter secondary spermatocyte receives 
two copies of either the X or the Y chromo-
some, but not both. The secondary spermato-
cytes do not replicate DNA; their division 
involves separation of the identical pairs of 
chromosomes, resulting in haploid sperma-
tids containing a single X or Y chromosome.

Spermatids are the most developmentally 
advanced of the three germinal cell types. They 

Table 2.1. References characterizing 
spermatogonial stem cell renewal in the boar, 
bull, goat and ram.

Species Reference

Boar Frankenhuis et al., 1980
Bull Amann, 1962b
Bull Hochereau-de Reviers, 1970
Bull Berndtson and Desjardins, 1974
Goat Bilaspuri and Guraya, 1984
Ram Ortavant, 1958
Ram Lok et al., 1982

do not divide, but undergo transformational 
events that culminate with their release into the 
lumen of the seminiferous tubules, at which 
time they are considered to be spermatozoa.

Kinetics of spermatogenesis

The kinetics of spermatogenesis refers to the 
number and nature of the various germ cell 
divisions for a given species, and consists of 
three major components. Spermatocytogenesis 
encompasses the cell divisions beginning with 
the least differentiated spermatogonia and 
culminating with the production of haploid 
spermatids. This is followed by spermiogen-
esis, by which the newly formed spherical 
spermatids are transformed into more mature 
forms with a morphology closely resembling 
that of spermatozoa. Spermiogenesis culmin-
ates with spermiation.

Although most spermatogonial divisions 
yield daughter cells of a more developmen-
tally advanced type, type A1 spermatogonia 
must be replenished to prevent the supply of 
these cells from being exhausted. Mechanisms 
for accomplishing this stem cell renewal have 
been investigated in many species. Most pro-
posed models are based on a combination of 
quantitative and morphological data. A more 
detailed discussion of stem cell renewal in the 
boar, bull, goat and ram may be found in ref-
erences listed in Table 2.1. Finally, the testes 
contain small numbers of inactive reserve 
cells designated as type A0 spermatogonia. 
These are uncommitted to cell division, but 
become mitotically active to replenish the 
type A1 population when necessary (Clermont, 
1962, and others).
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The cycle of the seminiferous 
epithelium

The division and maturation of most germ 
cells proceeds on a schedule that is relatively 
well timed in normal individuals. Thus, sperm-
atogenesis yields a distinct number of unique 
combinations of cells, or cellular associations, 
that are observable together at any given point 
in time. If one could observe a given cross sec-
tion of a seminiferous tubule, one would note 
progressive changes in the cellular associa-
tions over time. Ultimately, the cellular associ-
ation that was present initially would appear 
once again. The series of changes beginning 
with the appearance of one cellular association 
and ending with its reappearance would con-
stitute one cycle of the seminiferous epithe-
lium. In most species, approximately 4.5 cycles 
are required for the production of sperm cells 
from the least developmentally advanced 
spermatogonia. The length of the cycle of the 
seminiferous epithelium and the duration of 
spermatogenesis (i.e. the time required to pro-
duce spermatozoa from the least develop-
mentally advanced spermatogonia) for several 
relevant species are given in Table 2.2.

Although spermatogenesis is a continu-
ous process, researchers have found it useful to 
divide this process into recognizable stages of 
the cycle of the seminiferous epithelium. The 
number of stages for any given species is limited 
only by the ability to discern distinguishing 

features. Although all staging systems rely on 
the specific cellular associations that may be 
observed, the two most common approaches 
include additional consideration of either 
general tubular morphology or acrosomal 
development. Use of the tubular morphology 
system includes noting whether elongated 
spermatids are or are not present, and whether 
the elongated spermatids are embedded deeply 
within the seminiferous epithelium or line 
the lumen immediately before spermiation, etc. 
(see Plate 1); with this system, eight stages are 
usually recognizable. Staging by the acroso-
mal system is based primarily on recogniz-
able steps of acrosomal development during 
spermiogenesis (see Fig. 2.1); for most species, 
12–15 stages can be identified by this approach. 
Publications describing criteria for staging the 
cycle in several economically important species 
are listed in Table 2.3.

All stages of the cycle of the seminiferous 
epithelium can be found within a single 
seminiferous tubule at any point in time. 
This feature contributes to the steady, continu-
ous release of sperm from the testis over time. 
Moreover, these stages are arranged sequen-
tially along the length of the tubule. So a seg-
ment containing stage III might be followed 
by segments in stage IV, V, VI, etc. This 
arrangement is denoted as the wave of sperm-
atogenesis. Minor disruptions in this pat-
tern, termed modulations, may occur (Perey 
et al., 1961). An example of this might involve 

Table 2.2. The length of the cycle of the seminiferous epithelium and the duration of spermatogenesis in 
selected species.

Species Cycle length (days)
Duration of 

spermatogenesis (days) Reference

Boar 8.6 – Swierstra, 1968a
Boar – 39a Amann and Schanbacher, 1983
Boar 9.0 40.6 Franca and Cardosa, 1998
Boar (wild) 9.05 41a Almeida et al., 2006
Bull 13.3 61 Amann and Almquist, 1962
Bull 13.5 – Hochereau-de Reviers et al., 1964
Bull 13.5 61a Amann and Schanbacher, 1983
Goat 10.6 47.7 Franca et al., 1999
Ram 10.6 42.3 Cardosa and Queiroz, 1988
Stallion 12.2 – Swierstra et al., 1974
Stallion – 55a Amann and Schanbacher, 1983

aEstimates based on an assumption that the duration of spermatogenesis requires 4.5 cycles of the seminiferous 
epithelium.
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Fig. 2.1. Spermiogenesis in the bull as seen with periodic acid–Schiff (PAS) staining. Fourteen steps in 
the development of bovine spermatids are depicted. Changes associated primarily with acrosomal 
development were used by Berndtson and Desjardins (1974) to distinguish these 14 stages of the cycle 
of the seminiferous epithelium.

Table 2.3. Systems for classifying stages of the 
cycle of the seminiferous epithelium in selected 
species.

Species Staging system Reference

Boar Tubular morphology Swierstra, 1968a
Boar Acrosomal Franca et al., 2005
Bull Tubular morphology Amann, 1962b
Bull Acrosomal Berndtson and 

Desjardins, 1974
Goat Tubular morphology Franca et al., 1999
Goat Tubular morphology Onyango et al.,

2000
Goat Acrosomal Bilaspuri and 

Guraya, 1984
Ram Tubular morphology Ortavant (1959a,b)
Ram Acrosomal Clermont and 

Lebland, 1955
Stallion Tubular morphology Swierstra 

et al., 1974

a spatial distribution of stages along one 
segment of a seminiferous tubule as follows: 
stage I → stage II → stage III → stage IV →
stage III → stage IV → stage V → stage VI, etc. 
A wave of spermatogenesis is not present 
in man. Rather, stages are confined to small, 
discrete, irregular patches distributed more 
randomly within the seminiferous tubules 
(Heller and Clermont, 1964). This arrangement 
precludes the identification of stages within 
round seminiferous tubular cross sections as 
are applied routinely for other mammals.

By examining a large number of round 
seminiferous tubular cross sections in species 
other than man, researchers can determine 
the frequency of appearance for each stage of 
the cycle of the seminiferous epithelium. This 
information has several useful applications. 
Because the timing of spermatogenic events 
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is relatively constant, the frequency of a given 
stage will be proportional to its relative dura-
tion. For example, one cycle of the seminifer-
ous epithelium requires 13.5 days in the bull 
(Table 2.2). Thus, if a particular stage appeared 
at a frequency of 10%, it would be apparent 
that the duration of that stage equalled 10% of 
one cycle, or 1.35 days. Similarly, estimates of 
the actual length of one cycle of the seminifer-
ous epithelium or of the duration of spermato-
genesis have been based on stage frequency 
data and the progression of radiolabelled 
germ cells in virtually every species for which 
such information has been generated.

Knowledge of the duration of individ-
ual stages is useful in predicting the time 
course over which a treatment that adversely 
impacted a particular type of cell or cell divi-
sion would be expected to first become evident 
in an ejaculate from a treated male, or in estimat-
ing the subsequent time course for full recovery 
upon withdrawal of the causative agent or fac-
tor (Foote and Berndtson, 1992). Although the 
timing of spermatogenic events and the fre-
quency of individual stages appear to be rela-
tively constant in normal individuals, some 
variability has been reported among normal 
subjects. In addition, both arrested develop-
ment and subsequent stage synchronization 
(i.e. progression of spermatogenesis with 
most tubular cross sections being at a single, 

identical stage of development at any given point 
in time), have been induced experimentally. 
These findings and their impact on the reliabil-
ity of stage frequency data have been discussed 
elsewhere in greater detail (Berndtson, 2011).

Sperm Production Rates

Which factors have an impact 
on sperm production?

Sperm production is among the most impor-
tant determinants of the reproductive capac-
ity of an individual male. Indeed, although 
libido is also quite important with natural 
mating systems, the number of potential mat-
ings to a sire used for artificial insemination 
(AI) is generally limited only by the number 
of normal sperm produced per unit of time. 
It is, therefore, important for andrologists to 
recognize factors that do or do not have an 
impact on sperm production.

Testis size

Testis size is highly and positively correlated 
with sperm production in healthy post-
pubertal males (Table 2.4). Accordingly, scro-
tal circumference or width is an important 

Table 2.4. Reported correlations between testis size and the daily sperm production (DSP) of sexually 
mature males.

Species Correlation Reference

Boar 0.90 Swierstra, 1968b
Boar (wild) 0.97 Almeida et al., 2006
Bull 0.81, 0.72, 0.64, 0.40, –0.22a Hahn et al., 1969
Bull 0.71 Berndtson et al., 1987a
Bull 0.72 Berndtson et al., 1987b
Goat 0.94b Jindal and Panda, 1980
Goat 0.50b Ritar et al., 1992
Goat 0.98 Leal et al., 2004
Ram 0.97c Lino, 1972
Ram 0.75–0.80d Alkass et al., 1982
Ram 0.94 Cardosa and Queiroz, 1988
Stallion 0.77 Gebauer et al., 1974a
Stallion 0.89 Johnson et al., 1997

aCorrelations for Holstein bulls aged 17–22, 34–42, 42–53, 56–69 and 72–150 months of age, respectively.
bCorrelation between testicular weight and epididymal sperm number.
cCorrelation between paired testes weight and extragonadal sperm reserves.
dCorrelation between scrotal circumference and total sperm in the reproductive tract.
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component of male breeding soundness 
examinations (e.g. Shipley, 1999; Eilts, 2005a,b). 
As discussed subsequently, testis size and 
sperm production increase, at least up to a 
point, after puberty. However, this does not 
diminish the importance of testis size meas-
urements in younger males. Young bulls 
with relatively small testes tend to develop 
into adults with testes that are smaller than 
those of their counterparts, and vice versa 
(Hahn et al., 1969; Coulter et al., 1975). So 
breeders should consider testis size before 
enrolling young bulls in their progeny testing 
programmes.

Age

Sperm production is influenced by age. For 
most species, testicular size and sperm pro-
duction increase to maximal levels over a 
period of time after puberty, and then remain 
at that level until ultimately declining as a 
result of senescence. This pattern is character-
istic for the bull, as shown in Table 2.5. In con-
trast, sperm production appears to increase 
throughout life in healthy stallions (Table 2.6). 
Sperm production/g tissue also increases for 
a period of time after puberty, as illustrated 
by data in Table 2.6 for the stallion. Thus, 
young males have testes that are both smaller 
and less productive/g tissue than those of 
more sexually mature individuals.

Season

The impact of season on sperm production 
is species dependent. Seasonal breeding is 
advantageous for most wild species, in which 
sperm production may cease entirely dur-
ing the non-breeding season. In contrast, the 
management of domesticated animals ensures 
greater consistency in the availability of feed, 

protection from severe weather, etc., and this, 
over time, has presumably diminished sea-
sonal breeding patterns in our domesticated 
species. Several of our farm animals, such as 
the bull and boar, produce sperm at a consist-
ent rate throughout the year. In contrast, stal-
lions and the rams of some breeds produce 
sperm throughout the year, but in greater 
quantity during the breeding than in the non-
breeding season.

Seasonal changes in sperm production 
are typically associated with decreases in 
both testicular size and the number of sperm 
produced per unit of testicular parenchyma. 
In one study, scrotal width was 11% greater 
(101 versus 91 mm) at the onset of the breed-
ing season (27 April–26 May) than for the 
same stallions during the non-breeding sea-
son 180 days later (Squires et al., 1981). Based 
on the imperfect assumption that testes are 
precise spheres, a 10% difference in testicular 
diameter would be associated with a corre-
sponding difference of approximately 37% in 
testicular volume. Testicular tissue must be 
removed to quantify sperm production by 
direct methods. This precludes the quantifica-
tion of sperm production within the same 
individuals at each season. None the less, 
sperm production per volume of testicular 
parenchyma is clearly lower in stallions dur-
ing the non-breeding season. For example, in 
one study, daily sperm production (DSP)/g 
of tissue for stallions ≥4 years old averaged 
14.8 versus 18.8 million during non-breeding 
versus breeding seasons, respectively (Johnson 
and Thompson, 1983). Thus, although stal-
lions produce sperm throughout the year, 
sperm production occurs at a markedly reduced 
rate during the non-breeding season. Hence, 
season must be considered when estimating 
the breeding capacity of seasonally breeding 
males from scrotal measurements.

Table 2.5. Changes in reproductive characteristics with age in the bull. Adapted from Hahn et al., 1969.

Variable

Age (months)

17–22 34–42 42–53 56–59 72–150

Scrotal circumference (cm) 35.1 40.0 40.3 42.0 42.6
DSOa/male (billions) 4.1 5.9 5.4 6.1 4.0
DSO/g (millions) 8.7 8.4 7.6 7.5 4.9

aDaily sperm output.
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Environmental factors

Normal spermatogenesis requires a testicular 
temperature slightly below normal core body 
temperature. It is for that reason that the tes-
tes of all mammals other than the elephant 
and whale reside within a superficial scro-
tum. Heat can be dissipated from the scrotal 
surface, which can be increased or decreased 
as necessary via the contraction or relaxation 
of the external cremaster muscles of the sper-
matic cord and/or the tunica dartos muscle at 
the base of the scrotum. These muscles also 
serve to position the testes closer to or further 
from the rest of the body. In addition, the 
spermatic cord contains an extensive vascu-
lature of closely intertwined arterial and 
venous blood vessels known as the pampini-
form plexus, which provides a countercur-
rent exchange mechanism by which warm 
arterial blood is cooled before reaching the 
testis by the cooler, returning venous blood, 
and vice versa.

The importance of testicular thermoregu-
lation is evident in cases of cryptorchidism, in 
which one or both testes fail to descend into 
the scrotum. Whereas cryptorchid testes con-
tinue to produce near-normal levels of andro-
gens, they do not produce sperm. Although 
the scrotal testis of a unilaterally cryptorchid 
individual will continue to produce sperm, 
cryptorchidism is a heritable condition, and 
such individuals should not be used for breed-
ing. The disparity in testicular size within 
one unilaterally cryptorchid stallion is depicted 
in Plate 2.

Thermoregulatory mechanisms may be 
incapable of maintaining an appropriate tes-
ticular temperature when ambient tempera-
tures are excessive, or during periods of illness 

Table 2.6. Changes in reproductive characteristics 
with age in the stallion. Adapted from Johnson and 
Neaves, 1981.

Variable

Age (years)

2–3 4–5 13–20

Testicular weight (g) 117 161 213
DSPa/testis (billions) 1.27 2.67 3.18
DSP/g (millions) 11.4 18.8 17.0

aDaily sperm production.

accompanied by fever. Shade, fans or other 
methods for preventing overheating can be 
very helpful during such times. Beyond that, 
it is important to recognize the potential for 
transient depressions in seminal quality or 
fertility as a result of elevated temperature. 
As with any insult to the testis, the severity of 
an effect will reflect both its magnitude and 
duration. Moreover, the interval required for 
any resulting negative impacts to be mani-
fested via depressions in the fertility of mated 
females or the quality of ejaculated semen, 
and the time required subsequently for full 
recovery can vary.

A simple assembly line concept is useful 
for illustrating the reasons for this variability 
in seminal quality or fertility as a result of ele-
vated temperature. Imagine an assembly line 
for producing wristwatches consisting of ten 
stations at which each watch remains for 1 h as 
different components are added. Now, imag-
ine that a new employee assigned to station 
number three began to insert components in a 
manner that would cause the hands of the 
watch to move counterclockwise rather than 
clockwise. At the time of the first error, stations 
4–10 would contain partially but correctly 
assembled watches. These would continue to 
move through the assembly process. Some 7–8 h 
would elapse before the first defective watch 
had advanced through the remaining stations 
and undergone a final quality control inspec-
tion. Had an error occurred instead at station 10, 
defective watches would have been detected 
soon thereafter, but in this example the prob-
lem was not immediately apparent. Indeed, 
depending on the point in the assembly pro-
cess at which a problem arose, detection via 
evaluation of the completed product could 
take anywhere from 1 to 10 h in this hypotheti-
cal example.

By analogy, spermatogenesis requires 
approximately 60 days in most mammals. 
Several more days are required for epididy-
mal transit before sperm are available for 
ejaculation (Table 2.7). Therefore, a problem(s) 
with spermatogenesis might be reflected in 
an ejaculate almost immediately, or might 
require more than 60 days, depending on the 
particular types of germ cell or spermato-
genic events affected. Recovery times are 
subject to similar variability. Referring once 



18 W.E. Berndtson

again to the wristwatch illustration, at the 
moment that defective watches were detected, 
stations 3–10 would already contain watches 
with components inserted incorrectly. An add-
itional 7–8 h would be required after correc-
tion of the problem before properly assembled 
watches would once again begin coming off 
the assembly line. Had the problem occurred 
at station ten, correction would have produced 
a more immediate remedy.

Once again by analogy, the time required 
for semen quality to recover after a transient 
disruption of spermatogenesis could be brief 
or might require more than 2 months. For AI, 
it is customary to evaluate every ejaculate for 
the number and percentage of motile sperm 
and, occasionally, for spermatozoal morphol-
ogy. This provides an opportunity for detect-
ing some forms of damage and thereby some 
safeguard against the use of semen of low 
quality. Similar evaluations are not performed 
routinely for males used for natural mating. 
Although breeding soundness evaluations 
would certainly be indicated upon detection 
of herd fertility problems, full recovery dur-
ing the interval between the unsuccessful 
matings and the detection of low fertility 
could render such evaluations inconclusive.

Although severe nutritional deficiencies 
or imbalances can be disruptive, the nutri-
tional requirements for normal spermatogen-
esis in sexually mature males do not appear to 
differ from those for maintaining good general 
health and body condition (Foote, 1978). The 
author is unaware of any dietary supplements 
that are effective in increasing sperm produc-
tion or seminal quality of normal, healthy 
males. It should be noted that there has been 
some recent interest in assessing whether diet-
ary supplementation might prove effective 

Table 2.7. Total epididymal transit time.

Species Total (days) Reference

Boar 10.2 Swierstra, 1971
Boar 7.94 Franca and Cardosa, 

1998
Bull 5.6–8.3 Weisgold and 

Almquist, 1979
Goat Unknown –
Ram 12 Lino, 1972
Stallion 4.9 Gebauer et al., 1974b

for altering the composition of sperm mem-
branes, thus rendering these cells more resist-
ant to the stresses of cooling or freezing (e.g. 
Brinsko et al., 2005; Harris et al., 2005). Research 
in this area is likely to continue.

Exogenous agents

Spermatogenesis is readily disrupted by a 
variety of exogenous agents. While an exten-
sive description of known anti-spermatogenic 
agents is beyond the scope of this undertak-
ing, several groups of compounds are of cur-
rent relevance to the animal industries. As 
cited previously, one of the main roles of the 
male is either to mate with receptive females 
or to ejaculate semen that can be harvested for 
use via AI. This requires that the male have 
adequate libido. Because libido is under endo-
crine control, exogenous hormones have 
been evaluated as potential treatments for 
enhancing libido or for treating impotence or 
other breeding issues (Berndtson et al., 1979; 
McDonnell, 1999). Such applications are likely 
to be of greater interest for companion ani-
mals of intrinsically high value than for most 
food-producing species. None the less, from 
the author’s perspective, any use of exogen-
ous hormones should be preceded by a thor-
ough evaluation of the physical and endocrine 
status of the male. If an endocrine disorder is 
confirmed, an informed decision would be 
required to determine whether endocrine 
therapy might be helpful and advisable.

The administration of testosterone to 
normal, healthy individuals is not indicated. 
Exogenous testosterone does not appear to be 
effective for enhancing the libido of normal 
males, and higher dosages are clearly detri-
mental to sperm production (Berndtson et al.,
1974, 1979). For example, Berndtson et al.
(1979) administered 0, 50 or 200 mg of testos-
terone propionate/kg body weight to normal 
sexually mature stallions every other day for 
88 days. Treatment did not influence the time 
to erection, interval from first mount to ejacu-
lation or the number of mounts required per 
ejaculation. However, the highest dosage 
reduced sperm production/g testis and per 
stallion by 41 and 57%, respectively, while 
also reducing sperm motility by ~10 percent-
age points. In contrast to these findings, 
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McDonnell et al. (2003) suggested that injec-
tions of testosterone every other day could be 
used to boost the sexual arousal of stallions 
without affecting spermatogenesis. The 80 mg 
dosage used, which reportedly was without 
effect on sperm production (McDonnell, 
1999), was similar to that eliciting pronounced 
decreases in sperm production and seminal 
quality in the aforementioned investigation 
with normal stallions (Berndtson et al., 1979). 
The reason for the discrepancy between these 
two studies is unclear. However, the potential 
for exogenous androgens to depress sperm 
production is apparent (Berndtson et al., 1974, 
1979), and this should be recognized when-
ever the administration of exogenous andro-
gens is under consideration.

Anabolic steroids

Anabolic steroids are synthetic hormones 
with growth-promoting properties. Because 
they enhance muscle development and phys-
ical performance, they have been used to pro-
vide a competitive advantage for animals 
shown at halter or used as athletes. Although 
such uses are prohibited, anabolic steroid use 
has probably continued at some level, as it 
has with professional human athletes. Most, 
if not all, of the anabolic steroids possess 
androgenic properties. For the male repro-
ductive system, anabolic steroids produce 
responses closely mimicking those with exo-
genous androgens. In one study, in which 
stallions were injected with Equipoise (the 
anabolic steroid boldenone undecylenate) 
at a dosage of 4.4 mg/kg body weight once 
every 3 weeks over a 15 week period, testis 
size, sperm production/g testis, sperm pro-
duction per testis and sperm motility were 
decreased to approximately 55, 65, 28 and 
62% of control values, respectively (Squires 
et al., 1982). The use of anabolic steroids to 
provide a competitive advantage should be 
prohibited for both ethical and physiological 
justifications.

Exercise

Although the benefits of exercise to male fer-
tility are often cited in the popular literature, 
results from well-designed scientific studies 

appear limited. Inconsistencies among the 
reported benefits may, at least in part, reflect 
shortcomings in experimental design, such 
as treatment periods that were shorter than 
the duration of spermatogenesis and/or the 
absence of reliable pretreatment baseline 
data. Other potential contributors include dif-
ferences in the intensity of exercise, provi-
sions for prior conditioning or the use of field 
data devoid of suitable controls.

However, Snyder and Ralston (1955) 
conducted an excellent study to assess sem-
inal characteristics and non-return rates for 
non-exercised versus exercised dairy bulls. 
Non-exercised bulls were confined to box 
stalls. The remaining bulls were exercised on 
a mechanical walker at a speed of 1.24 miles/h 
on 6 days/week. Exercise was limited to 
15 min/day for the first 35 days, but was 
increased to 23 min for the next 14 days and 
to 30 min/day for the remainder of the 6 month 
study period. Exercise was without effect 
on seminal characteristics or fertility. The 
total number of sperm per ejaculate averaged 
8.53 versus 7.68 billion in non-exercised versus 
exercised bulls, respectively. The correspond-
ing values for initial sperm motility, abnor-
mal sperm and 60–90 day non-return rates 
equalled, 73.2 versus 71.5%, 15.0 versus 13.4% 
and 65.0 versus 63.8%, respectively. This was 
a large study involving 32 bulls (16/exercise 
group), a total of 33,292 inseminations and a 
treatment period exceeding the duration of 
spermatogenesis.

One of the first studies to assess the 
effects of exercise on the stallion was con-
ducted by Dinger and Noiles (1986). This 
two-phase study involved eight 2-year-old
stallions. During phase 1, four stallions were 
assigned either to confinement in box stalls 
or to a 6x day/week regimen of either 18 min 
(12 trotting and 6 walking) or 24 min (16 trotting 
and 8 walking) of forced exercise. After 16 weeks, 
treatment assignments were reversed for an 
additional 16 week period. Semen was collec-
ted once every 14 days, at which time libido 
was scored on a scale of 0–4 (with 4 being 
highest). Libido declined during the exercise 
periods. For stallions placed initially in the 
exercised group, libido scores averaged 2.88, 
2.06 and 2.81 before treatment and at the end 
of the 16 week exercised and non-exercised 
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periods, respectively. For stallions placed first 
in the non-exercised group, libido scores dur-
ing the pretreatment, non-exercised and exer-
cised periods averaged 3.00, 3.5 and 2.00, 
respectively. Treatment was without effect on 
daily sperm output or seminal quality (Dinger 
et al., 1986).

Based on the foregoing studies, moder-
ate exercise does not appear to have a sub-
stantive impact on spermatogenesis or on the 
seminal quality of bulls (Snyder and Ralston, 
1955) or stallions (Dinger and Noiles, 1986; 
Dinger et al., 1986). However, whereas intense 
exercise would be unexpected for most farm 
animals, its effects are of interest relative to 
stallions used simultaneously for breeding 
and athletic competition.

Janett et al. (2006) assessed the impact of 
repeated strenuous exercise on the seminal 
characteristics of 11 stallions 7–19 year old. 
They collected one ejaculate/week during 
each of four consecutive 4 week pretreatment 
(Period 1), exercise (Period 2) and post-exercise 
(Periods 3 and 4) periods. Exercise consisted of 
two sessions/week for a total of eight sessions. 
For the first two sessions, stallions walked on 
a treadmill for 5 min at 1.5 m/s at 0% inclina-
tion, followed by two intervals of trotting at 
3.5 m/s at inclinations of 3 and 6%, respec-
tively. For the subsequent sessions, stallions 
trotted for 3 min at 3.5 m/s and walked for 
1 min at 1.5 m/s as the inclination was 
increased sequentially from 0 to 9%. At the
9% inclination, trotting speed was increased 
to 4 and 4.5 m/s. This regimen resulted in 
increases in average heart rate values rang-
ing from 70.4 to 97.4 beats per minute (bpm) 
before exercise to between 166.8 and 194.0 bpm 
immediately thereafter. Strenuous exercise 
had a negative effect on semen quality; the 
incidence of acrosome defects and nuclear 
vacuoles began to rise 3 weeks after the begin-
ning of the exercise period, while the percent-
age of viable frozen–thawed sperm decreased 
from 53.8% during the pretreatment period to 
49.2% during the exercise period. The number 
of sperm per ejaculate averaged 7.0, 6.8, 6.1 
and 6.6 billion during Periods 1–4, respec-
tively. The decline in sperm number per ejacu-
late during the 4 week period subsequent to 
the discontinuation of exercise (i.e. during 
Period 3) is consistent with a negative effect 

of strenuous exercise on spermatogenesis, 
which requires approximately 2 months for 
completion.

Conflicting reports on the effects of inten-
sive training can be found (e.g. Lange et al.,
1997; Davies Morel and Gunarson, 2000). For 
example, Davies Morel and Gunarson (2000) 
reported average fertility rates of 74.1, 63.7 
and 66.9% for Icelandic stallions receiving 
intensive, moderate or no training, respec-
tively. However, these findings were based 
on survey data obtained from a variety of 
breeding associations and individual stallion 
owners, rather than from a well-controlled 
experiment. Intense exercise training has also 
been associated with negative reproductive 
consequences in humans (e.g. Arce and De 
Souza, 1993). Accordingly, intense, stressful 
exercise is probably detrimental to male fer-
tility. As a practical matter, it is possible that 
moderate physical conditioning might have a 
beneficial impact on levels of mating activity 
for males in a natural mating system, although 
it does not appear to have a beneficial effect 
on seminal quality per se.

Frequency of ejaculation

Frequency of ejaculation appears to be with-
out effect on quantitative rates of sperm pro-
duction. For example, Carson and Amann 
(1972) conducted a well-replicated study in 
which daily sperm production of ~8-month-old 
rabbits was assessed after 40 days of sexual 
rest or ejaculation either daily or twice daily 
on an every other day basis. Select  ed data 
from that study are presented in Table 2.8. 
Treatment was without effect on testicular 
weight or DSP/male or DSP/g of testicular 
tissue.

Amann (1962a) also studied the effect of 
frequency of ejaculation on spermatogenesis 
in dairy bulls. For this study, nine young 
Holstein bulls were assigned to treatments 
consisting of either sexual rest or ejaculation 
2× or 8×/wk for 20 wk. Five older bulls were 
either sexually rested or ejaculated 6–8×/week. 
The results of this study are summarized in 
Table 2.9.

Frequency of ejaculation was without 
effect on testicular weight, the percentage 
of the testicular parenchyma occupied by 



Sperm Production and its Harvest 21

Table 2.8. Daily sperm production of sexually 
rested (SR) versus frequently ejaculated rabbits. 
Adapted from Carson and Amann, 1972.

Characteristic

Frequency of ejaculationa

1×/24 h 2×/48 h SR

Paired testes 
weight (g)

6.29 6.58 6.40

DSPb/male (106) 225 247 247
DSP/g testis 37.4 38.9 39.0

aRabbits were sexually rested for 30 days, followed by 
40 days of once daily ejaculation, twice every other day 
ejaculation or sexual rest.
bDaily sperm production.

Table 2.9. Testicular characteristics and sperm production of sexually rested (SR) or ejaculated bulls. 
Adapted from Amann, 1962a.

Treatment No. of bulls
Testes 

weight (g)
Seminiferous 

tubules (% testis)

Germ cells/cross section

Aa Young (1o)b Old (1o)b Spermatids

Young bullsc

SRd 3 301.5 76.5 2.75 55.5 54.5 214.0
2×/wkd 3 286.5 77.5 3.30 54.5 52.5 186.0
8×/wkd 3 290.5 77.0 2.85 52.5 49.5 188.5

Mature bulls
SRe 2 411.0 73.8 2.90 55.0 52.0 189.0
6–7×/wkf 3 396.3 71.7 3.70 64.0 62.0 226.0

aType A spermatogonia (smooth).
bPrimary spermatocytes.
cAnimals 36 months old when sacrificed.
dTreatment duration 20 weeks.
e5 or 20 weeks sexual rest.
fIndividual bulls ejaculated 6×/wk for 26 wk, ≥6×/wk for 40 wk, followed by 7×/wk for 7 wk and 8×/wk for 17 wk, respectively.

seminiferous tubules, or sperm production as 
judged from the number of germ cells/stage 
I seminiferous tubular cross section. Although 
the frequency of ejaculation does not appear 
to influence sperm production rates, it does 
exert a profound effect on the number of 
sperm per ejaculate, as described later.

How to measure daily sperm 
production?

A number of approaches may be used to 
measure sperm production. Choosing from 
among these requires consideration of several 
factors, including whether the testes can be 

removed or whether sperm production is to 
be estimated in a prospective breeding ani-
mal. In the former case, one should also con-
sider whether one needs to know how many 
sperm are being produced per unit of time, or 
whether it is sufficient to simply assess rela-
tive changes in sperm production due to an 
experimental treatment. In addition to this, 
every method for quantifying sperm produc-
tion requires one or more technical assump-
tions. Readers with an interest in quantifying 
sperm production should familiarize them-
selves with these and other considerations of 
importance during the selection of an evalua-
tion method. Such considerations have been 
presented elsewhere in greater detail (Amann, 
1981; Berndtson, 2011). Several useful and 
popular methods for quantifying sperm pro-
duction are described briefly below.

Enumeration of homogenization-resistant 
spermatids

During spermiogenesis, the chromatin of elong-
ating spermatids condenses and becomes 
resistant to homogenization (Amann and 
Almquist, 1961a). These nuclei remain intact 
during homogenization, while other compo-
nents of the tissue are destroyed. Thus, after 
homogenization of a given quantity of tissue in 
a known volume of fluid, haemocytometry can 
be used to determine the number of resistant 
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spermatids/g tissue, or per testis or male. The 
numbers of such spermatids can be compared 
directly to provide a relative comparison of 
sperm production rates in control versus treat-
ed subjects (Berndtson, 1977). Alternatively, if 
an estimate of actual daily sperm production 
is needed, this can be determined by dividing 
the spermatid number by a time divisor, 
equivalent to the number of days of sperm 
production represented by these cells. For 
example, if spermatids became resistant to 
homogenization 6.5 days before spermiation, 
the total number of homogenization-resistant 
spermatids would be divided by a time divi-
sor of 6.5 days to obtain an estimate of daily 
sperm production. Table 2.10 reports time 
divisors used with the homogenization 
method for several farm species.

Germ cells per Sertoli cell or per round 
seminiferous tubular cross section

In addition to germinal cells, seminiferous 
tubules contain somatic cells known as Sertoli 
cells. These perform functions that include 
the formation of a blood–testis barrier, secre-
tion of androgen-binding protein and others 
(Russell and Griswold, 1993). Sertoli cells 
form at an early age, and were once believed 
to remain as a numerically stable population 
thereafter (Gondos and Berndtson, 1993). It is 
now apparent that the number of Sertoli cells 
can change in response to age and/or season 
in some species (Johnson and Thompson, 
1983; Johnson and Nguyen, 1986; Johnson 
et al., 1991). None the less, these cells appear 

Table 2.10. Reported time divisors used for 
estimating daily sperm production from the number 
of homogenization-resistant spermatids.

Species
Time divisor 

(days) Reference

Boar 5.86 Okwun et al., 1996
Bull 3.27 Amann and 

Almquist, 1962
Goat 3.56 Ritar et al., 1992
Ram 5.0 Cardosa and 

Queiroz, 1988
Stallion 6.0 Johnson and 

Neaves, 1981

to be quite resistant to harsh treatments, as 
evident from their persistence after exposure 
to some treatments that cause almost com-
plete obliteration of the germ cells (Oakberg, 
1959). Because of this resistance, the germ 
cell:Sertoli cell ratio can be used to assess 
relative changes in sperm production. For 
example, if a treatment reduced sperm pro-
duction by 50%, this would be expected to 
cause a corresponding 50% reduction in the 
spermatid:Sertoli cell ratio. With this tech-
nique, direct counts of the number of germ 
cells and Sertoli cells are made in a pre-
determined number of round seminiferous 
tubular cross sections. For most studies, one 
stage, usually containing spherical sperma-
tids, is chosen as representing spermatogen-
esis as a whole.

The histological specimens that are exam-
ined contain some nuclei residing entirely 
within the section, and also fragments pro-
duced by sectioning. The proportion of frag-
ments will increase as the section thickness 
is decreased, and it will be greater for nuclei 
of larger versus smaller diameter. Therefore, 
the resulting crude counts, which include 
both whole and partial nuclei, must be con-
verted to true counts or whole-cell equiva-
lents. Several equations have been developed 
for this purpose. That used by the author is 
Abercrombie’s equation (Abercrombie, 1946), 
which is as follows:

True count = Crude count × (section 
thickness/section thickness + nuclear 
diameter)

Abercrombie’s equation and other simi-
lar equations are only applicable for spherical 
nuclei. Thus, it is customary to select tubules 
at a stage containing spherical spermatids for 
counting; irregularly shaped elongated sperm-
atids are not counted. The shape of the 
Sertoli nuclei is also irregular, so it is also cus-
tomary to count only those Sertoli nuclei 
containing a nucleolus. Abercrombie’s for-
mula can be applied to the spherical nucleoli 
to obtain a true count for the Sertoli nuclei. 
True counts are then used to determine germ 
cell:Sertoli cell ratios. Alternatively, some 
investigators calculate the average number 
of Sertoli cells per tubular cross section in 
the control subjects or for all animals in 



Sperm Production and its Harvest 23

the experiment. The number of germ cells in 
this average is then expressed as the number 
of germ cells per tubular cross section. This 
technique is useful for assessing relative 
changes in sperm production due to treat-
ment, but it does not provide an estimate of the 
actual number of sperm being produced/day 
per unit of tissue or per male.

Volume density approaches for 
estimating sperm production

For the volume density approach, the vol-
ume of the testicular tissue is first recorded. 
This is usually determined by measuring its 
fluid displacement or, alternatively, is simply 
assumed to equal testis weight minus the 
weight of the testicular capsule, because the 
specific gravity of the testis in mammals is 
very close to 1.0 (Swierstra, 1966; Gebauer 
et al., 1974a; de Jong and Sharpe, 1977; Johnson 
and Neaves, 1981; Johnson et al., 1981; Mori 
et al., 1982). The tissue is then processed for 
histological evaluation. Tissue shrinkage 
should be recorded, to permit adjustment as 
necessary (Berndtson, 2011). Next, the eye-
piece of a microscope is fitted with a fixed 
pointer or pointers. The slide of testicular tis-
sue is moved at random, after which the iden-
tity of the structure at the tip of the pointer 
is recorded. This process is repeated many 
times. With sufficient sampling, the frequency 
with which a particular structure is ‘hit’ will 
be proportional to its volume density. For 
example, if the nuclei of the spherical sperm-
atids occupied 10% of the tissue, one would 
expect these nuclei to be ‘hit’ 10% of the time.

With these data, the total volume of the 
nuclei of each type of germ cell can be deter-
mined as the product of its volume density 
and the total testicular parenchymal volume. 
By dividing the total volume of these nuclei 
by the volume of a single nucleus, an estimate 
is obtained of the total number of cells of each 
type. The volume of spherical nuclei is usu-
ally determined by entering nuclear diameter 
into the equation for calculating the volume 
of a sphere. Reconstructon of serial sections 
and other more sophisticated procedures 
have been used to estimate the volume of 
nuclei with an irregular outline (e.g. elong-
ated spermatids and Sertoli cells; Johnson 

et al., 1984; Sinha Hikim et al., 1988). Once the 
total number of cells of a given type has been 
determined, the data can be used to calculate 
germ cell:germ cell or germ cell:Sertoli cell 
ratios. Alternatively, an estimate can be obtained 
of daily sperm production by dividing the 
total number of spermatids by a time divisor 
(the number of days of sperm production 
represented by these cells). DSP may also be 
estimated from the numbers of younger germ 
cells, but this requires correction for subse-
quent cell divisions. Such estimates are sub-
ject to greater potential errors due to normal 
or treatment-induced cellular attrition.

Estimating daily sperm production (DSP) 
from daily sperm output (DSO)

Sexual rest results in sperm losses in the urine 
(Holtz and Foote, 1972), but such losses are 
minimal for males maintained on a regular, 
frequent schedule of ejaculations (Amann, 
1981). Thus, sperm output that is frequently 
collected from a male provides an excellent 
method for estimating DSP. It offers the 
advantage of not requiring the removal of tes-
ticular tissue. In addition, by collecting semen 
continuously over time, there is the opportu-
nity to assess temporal changes in sperm out-
put and seminal quality that might follow 
acute, experimental exposure of males to an 
agent or experimental treatment of interest 
(e.g. assessment of seminal quality after a sin-
gle dosage with an anthelmintic).

Typical sperm output of economically 
important species

Sperm production varies greatly among 
individuals both within and among species. 
Several factors contributing to such vari-
ability within species have already been 
described, including inherent differences in 
testis size and the influences of variables such 
as age, season (in some species), environmen-
tal factors, drugs, etc. The typical sperm pro-
duction of breeding-age males of several 
species is summarized in Table 2.11.

Most male mammals of reproductive 
age other than humans produce and ejaculate 
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sperm in great excess of the numbers 
required for normal fertility. This does not 
diminish the importance of considering 
sperm production during an examination of 
breeding soundness or during the selection 
of males for breeding. As discussed later, 
sperm number declines in successive ejacu-
lates taken on a single day (Amann, 1981). 
Thus, the potential for sperm numbers per 
mating to decrease to below an optimal 
level is always possible for males required 
to breed large numbers of females within a 
short period of time via natural mating. 
However, the latter possibility should be 
less for males producing large numbers 
of sperm than for those for which sperm 
production is more limited. The potential 
for sperm number to become limited may 
also differ among species. Foote (1978) 
reported that rams tend to ejaculate a rela-
tively smaller number of sperm per semen 
sample than bulls or boars, and that they 
are capable of ejaculating repeatedly (11×/day 
in the study of Salamon, 1962). In contrast, 
boars ejaculate a large number of sperm 
in each ejaculate, and can deplete their 
epididymal sperm reserves quite rapidly 
(Foote, 1978).

Sperm Maturation and Transport 
through the Excurrent Ducts

Sperm transit time

Upon release from the testis, sperm undergo 
transit through the efferent ducts and the 
epididymis. The time required for epididy-
mal transit was summarized in Table 2.7 for 
several of the economically important species. 
Whereas the transit time through the caput 
epididymis and corpus epididymis is rela-
tively constant, transit through the cauda 
epididymis is more rapid in males ejaculating 
at a higher frequency (e.g. daily; Amann, 1981).

Maturational changes and the 
acquisition of fertility

Spermatozoa are not fertile upon release from 
the testis, but undergo maturation within the 
epididymis. Epididymal secretions appear to 
play a critical role in the maturation process, 
which includes the acquisition of motility, 
changes in sperm membranes that permit 
binding to the zona pellucida of the oocyte, 

Table 2.11. Daily sperm production (DSP) of sexually mature males (range in parentheses).

Species DSP/g (million) DSP/male (billion) Reference

Boar – 31.3 Kennelly and Foot, 1964
Boar 24.7 16.5 Swierstra, 1968b
Bull 17.7 11.5 Amann and Almquist, 1962
Bull 16.9 5.3 Swierstra, 1966
Bull 11.2 (7.25–16.67) – Berndtson et al., 1987a
Bull 9.31 4.30 Berndtson and Igboeli, 1988
Bull – 3.79 (1.99–7.86) Berndtson and Igboeli, 1989
Goat 23.8 4.0–6.4 Ritar et al., 1992
Goat 30.3 5.54 Leal et al., 2004
Ram ~27a 12.9 Schanbacher and Ford, 1979
Ram 8.06b Dacheux et al., 1981
Ram 22.8 4.4 Cardosa and Queiroz, 1988
Stallion 21.2 8.0 Gebauer et al., 1974a
Stallion 11.9c 3.6c Berndtson et al., 1979
Stallion 17.0–18.8 5.3–6.4 Johnson and Neaves, 1981

aEstimate calculated by the author by dividing DSP by testicular weight, without correction for the weight of the tunica 
albuginea.
bIle-de-France rams.
cEstimates derived by dividing the number of homogenization-resistant spermatids by a time divisor of 6.0 days.
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nuclear decondensation and other changes 
(Cooper, 1995). The sperm of most species do 
not attain fertility until reaching the corpus 
epididymis.

Extragonadal sperm reserves (EGR)

The epididymides and vas deferentia typically 
contain the equivalent of several days of sperm 
production, which collectively constitute the 
EGR. It is from these reserves, and especially 
from the tail of the epididymis, that sperm are 
emitted during ejaculation. During periods of 
sexual rest, sperm accumulate and reach maxi-
mal levels. Degeneration and resorption of 
aged sperm appears to be minimal in normal 
males (Amann, 1981). Rather, as additional 
sperm leave the testis and enter the EGR, oth-
ers enter the urethra and are flushed from the 
body via the urine (Holtz and Foote, 1972). The 
size of the EGR in sexually rested males of sev-
eral economically important species is sum-
marized in Table 2.12.

Only a portion of the EGR is available for 
ejaculation. Some sperm reside within the 
head and initial segment of the body of the 
epididymis, from which they are unavailable 
for ejaculation, while the lining of the epididy-
mal duct can also preclude complete removal. 
Based on studies with rats, bulls and stallions, 
Amann (1981) estimated that about 55–65% of 
the sperm within the cauda epididymis and 
vas deferens of sexually rested males can be 
removed by harvesting 5–20 ejaculates in suc-
cession on a single day.

Several important management concepts 
are easy to understand by drawing an ana-
logy between the EGR and a reservoir from 
which water might be obtained. As sperm are 
released from the testis and enter the extrago-
nadal ducts at a constant rate, one could 
imagine that water is also entering the reser-
voir at a constant rate. During times when 
water is not being used, its level will continue 
to rise until, upon reaching maximal capacity, 
it simply overflows the dam. This would be 
comparable to the filling of the EGR during 
periods of sexual rest, which would continue 
until sperm overflowed into the urinary tract. 
At other times, water might be drawn from a 
reservoir at a rate exceeding that at which it 
was being replenished. This might continue 
for a while, but would be accompanied by a 
progressive decrease in the level of water 
behind the dam. This would be analogous to 
the collection of several successive ejaculates 
from a male after sexual rest. Each ejaculate 
would reduce the number of residual sperm 
within the EGR. Ultimately, if water continued 
to be drawn from a reservoir at a rate exceed-
ing its rate of replenishment, the reservoir 
would be depleted. At that point, the rate at 
which additional water could be drawn 
would be limited by and equal to its rate of 
replenishment. Similarly, if a male continues 
to ejaculate at a high frequency, the EGR will 
ultimately be depleted. At that point, DSO 
will be limited by and equal to DSP. These 
concepts have important implications relative 
to conventional breeding soundness exam-
inations, and for the management of males to 
maximize the sperm harvest, which are dis-
cussed below.

Sperm Harvest – Maximising DSO 
and Seminal Quality

Seminal quality and sperm number 
in ejaculates taken after sexual rest

The first ejaculate(s) taken after sexual rest 
usually contains very large numbers of 
sperm. The data of Squires et al. (1979) illus-
trate the decline in sperm output in succes-
sive ejaculates taken after sexual rest. In their 

Table 2.12. Extragonadal sperm reserves (EGR) 
of sexually rested males.

Species EGR (billion) Reference

Boar 166a Swierstra, 1971
Bull 69 Almquist and 

Amann, 1961
Goat 17.5 Jindal and Panda, 

1980
Goat 47.8 Ritar et al., 1992
Ram 93.5 Lino, 1972
Stallion 89 Amann et al., 1979

aValues 72 h post depletion of EGR via the collection of 
one ejaculate in the morning, a second in the afternoon 
and a third on the following morning.
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study, the sperm output of 2–3 year old stal-
lions averaged 4.5, 2.4, 0.9, 0.6 and 0.5 billion 
for the first to fifth ejaculates, respectively. 
The corresponding sperm output for 4–6 year 
old stallions averaged 9.5, 3.5, 2.6, 1.3 and 
1.1 billion, while that for 9–16 year old stal-
lions averaged 11.4, 5.5, 2.4, 1.8 and 1.2 bil-
lion, respectively. A decline in sperm output 
in successive ejaculates is to be expected, 
based on the concept of the EGR described 
above. For this reason, the number of sperm 
within the first few ejaculates taken after sex-
ual rest does not provide a reliable estimate of 
the average DSO to be expected once a male 
is used on a regular frequent basis. This is an 
important point relative to routine breeding 
soundness examinations, for which only one 
or two ejaculates are often collected after a 
lengthy period of sexual inactivity. Such col-
lections are useful, because they demonstrate 
a willingness or ability of the male to ejacu-
late, while confirming recent spermatogenic 
activity and providing an opportunity to 
assess seminal quality. However, they are 
inadequate for characterizing actual levels of 
sperm production. Unless there are the time 
and resources with which to maintain the 
male on a regular, frequent seminal collection 
schedule, at which DSO would approach 
DSP, measurements should be made of scro-
tal width or circumference, as these allow an 
estimate of testis size, which is highly corre-
lated with DSP (Table 2.4).

While initial ejaculates taken after sexual 
rest usually contain large numbers of sperm, 
the quality of these first ejaculates may be 
reduced, although this appears species de-
pendent. For example, in one study (Pickett 
and Voss, 1973), initial motility averaged 
56% for ejaculates from stallions collected 
either once or six times/wk. In contrast, 
Almquist (1973) collected two ejaculates from 
bulls on 1 day/wk. Initial motility averaged 
48 versus 60% for first and second ejaculates 
of beef bulls collected without sexual prepar-
ation. The corresponding motility for dairy 
bulls collected after one false mount aver-
aged 63 versus 68%, respectively. Much 
greater decreases in semen quality are possi-
ble during extended periods of inactivity. 
With respect to a breeding soundness exam-
ination, retesting at a later date and/or the 

Table 2.13. Frequency of ejaculation and daily 
sperm output (DSO) of Holstein bulls.

Frequency 
of ejaculation

Sperm/
ejaculate
(billion)

DSO
(billion) Reference

1×/wk 10.9a 1.56a Almquist, 1982
6×/wk 5.1a 4.41a

1×/wk 17.8 2.5 Hafs et al.,
1959

7×/wk 4.8 4.8
2×/day on 

M, W, F
5.3 4.6 Amann and 

Almquist,
1961b

2×/day on 
Th, F

7.6 4.3 Seidel and 
Foote, 1969

aMeans for 5–9-year old bulls.

collection of additional ejaculates on the 
same date would be advisable if the quality of 
an initial ejaculate(s) was questionable. It is 
equally important to consider that spermato-
genesis requires approximately 2 months in 
most mammals, and that additional time is 
required for sperm transport through the 
epididymis (Table 2.7). Thus, the semen that 
is harvested on any given day represents 
the culmination of a process that for most 
species extended over at least the previous 
60–70 days. Low semen quality could reflect 
problems with spermatogenesis or epididy-
mal function arising at any time during that 
period, from which recovery could require a 
similar length of time.

The relationship between frequency 
of ejaculation and DSO

As cited previously, sperm production is not 
influenced by frequency of ejaculation. During 
sexual rest, sperm may be lost in the urine 
(Holtz and Foote, 1972). Higher frequencies of 
ejaculation can eliminate such losses, while at 
any frequency above that level, increasing fre-
quencies of ejaculation will reduce the number 
of sperm per ejaculate. The results of several 
representative studies conducted to examine 
the influence of frequency of ejaculation on the 
DSO of dairy bulls and stallions are given in 
Tables 2.13 and 2.14, respectively. For most 



Sperm Production and its Harvest 27

species, daily or every other day ejaculation 
will enable essentially all of a male’s sperm 
production to be harvested.

Sexual preparation and sperm output

To collect semen with an artificial vagina, one 
need only provide conditions that will arouse 
the male and permit him to mount. However, 
the number of sperm per ejaculate from rams 
(Knight, 1974), bulls (Hale and Almquist, 1960) 
and boars (Hemsworth, 1979) can be increased by 
appropriate sexual preparation. Sexual prep-
aration entails administering procedures such as 
teasing, false mounting or active restraint before 
ejaculation. Such procedures cause a release of 
oxytocin and possibly other hormones, which, 
in turn, enhance sperm transport or emission 
from the extragonadal ducts (Sharma and 
Hays, 1973, Berndtson and Igboeli, 1988).

False mounting consists of allowing the 
male to mount a teaser animal or dummy 
while the penis is deflected to prevent pene-
tration of the reproductive tract or artificial 
vagina. Without tactile stimulation, the male 

will dismount without ejaculating. This pro-
cedure is usually repeated 2–3 times. Active 
restraint involves providing conditions that 
encourage the male to mount, but restraining 
him when he attempts to do so. The latter is 
called teasing when applied to the stallion, 
for which it is customary to provide a phys-
ical barrier between the mare and stallion to 
prevent injury. The impact of sexual prep-
aration on the sperm output of dairy bulls is 
illustrated by the data in Table 2.15. Sexual 
arousal does not increase sperm output from 
stallions, although teasing increases gel and 
total seminal volume (Pickett and Voss, 1973).

While sexual preparation is effective in 
increasing the number of sperm per ejaculate 
in most species, it is important to recall that 
ejaculation does not affect sperm production. 
Rather, by increasing the efficiency of ejacu-
lation, sexual preparation simply allows 
maximal DSO to be achieved via ejaculation 
at a lower frequency than would be required 
in its absence. This is beneficial for the AI 
industry, because it reduces the total time 
required to collect and process the maximal 
quantity of semen for a given male.

Table 2.14. Frequency of ejaculation and daily sperm output (DSO) of stallions.

Frequency of ejaculation Sperm/ejaculate (billion) DSO (billion) Reference

Daily 4.5 4.5 Gebauer et al., 1974a
Every other day 7.0 3.5 Swierstra et al., 1975
1×/wk 13.5 1.93 Pickett and Voss, 1973
3×/wk 12.7 5.43
6×/wk 7.2 6.16
1×/wk 11.4 1.63 Pickett et al., 1975
3×/wk 11.7 5.03
6×/wk 5.9 5.04

Table 2.15. Increase in sperm output attributable to sexual preparation of bulls.

Ejaculations/wk
No. of false 

mounts
Active restraint 

(min)
Sperm/first ejaculation 

(% increase) Reference

1 1 2–3 36 Collins et al., 1951
2 1 0 50 Branton et al., 1952
2 2 0 67
4 0 1 129 Crombach, 1958
4 10 0 147
4 5 1 251
6 3 – ~30 Almquist et al., 1958



28 W.E. Berndtson

Stimulus pressure to maintain libido

Although the frequencies of ejaculation 
required to maximize sperm harvest are not 
excessive, males maintained on such sched-
ules can experience reduced libido. This is 
often manifested via increases in reaction 
time – the time between presentation to a 
teaser animal and mounting or ejaculation.

This issue was examined extensively for 
dairy bulls in the classical studies of Hale and 
Almquist (1960), who developed strategies 
for maintaining libido that remain the stand-
ard of the bovine AI industry. Their research 
showed that the key to maintaining good 
libido is to provide novelty, or what they 
defined as stimulus pressure. In one of their 
studies, bulls were maintained on a 1×/wk 
collection schedule. Identical procedures 
were followed for each collection, and reac-
tion times were recorded. This process was 
repeated each week until the reaction time for 
a bull exceeded 10 min. On the subsequent 
week, the bull was presented to the same 
teaser animal, which had simply been moved 
a distance of 3 ft from the location used previ-
ously. Reaction time decreased to an average 
of ~2 min. A similar response was obtained 
without moving the location of the teaser ani-
mal, but by simply rocking the teaser back 
and forth in place. In another experiment, 
these authors (Hale and Almquist, 1960) 
allowed bulls to mount and ejaculate at will 
for 1 h, during which time individual bulls 
ejaculated an average of 10.6 times. The inter-
val between successive ejaculates increased 
during this time, and most bulls were satiated 
by the end of the first hour. The authors then 
introduced a new teaser animal, again allow-
ing the bulls to mount at will. During the 
second hour, bulls ejaculated an additional 
8.4 times. These data demonstrated that sati-
ation was associated with a specific teaser 
animal or set of conditions, rather than with 
ejaculation per se. The novelty created by a 
change of teasers, movement and/or a change 
of locations is exploited routinely by the AI 
industry.

Almquist and Hale (1956) demonstrated 
further that the frequency with which teasers, 
locations, etc. needs to be changed to maintain 

good libido is related to the frequency of 
ejaculation. This is evident from the data in 
Table 2.16. In this study, new teasers were 
introduced as necessary to maintain minimal 
reaction times, which averaged ~6 min. The 
frequency at which new teaser animals 
needed to be introduced was three times 
greater for bulls maintained on a 6× versus a 
2×/wk collection schedule. Novelty appears 
to have a similar beneficial impact on libido 
in many other species (Price, 1985).

Conclusions

Spermatogenesis is a truly remarkable pro-
cess, resulting in levels of sperm production 
in most species that enable successful mating 
with large numbers of females or the poten-
tial for insemination of an even greater 
number of females via AI. Because sperm 
production is not influenced by frequency of 
ejaculation, higher frequencies of ejaculation 
are accompanied by corresponding decreases 
in the number of sperm per ejaculate. The 
implications of this relationship for the man-
agement of males used for natural mating 
or for AI have been described. In addition 
to this, libido must be maintained if produ-
cers are to make maximal utilization of valu-
able sires. Novelty appears to be a key factor 
affecting libido in bulls, and presumably also 
in many other species. Several approaches 
for providing novelty have been described. 
Judicious selection and management are 
critical for allowing each male to realize its 
maximum reproductive potential.

Table 2.16. Stimulus pressure to maintain sexual 
activity of bulls ejaculated 2× or 6×/wk. From 
Almquist and Hale, 1956.

Reaction time/Stimulus 
pressure

Frequency of ejaculation

2×/wk 6×/wk

Reaction time (min) 6.4 6.2
Stimulus pressurea

Per 24 wk period 4.5 12.5
Per 48 ejaculates 4.5 4.2

aNo. stimulus animals or combinations of stimulus animals 
presented.
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Introduction

Spermatozoa, or sperm cells, develop within 
the walls of the seminiferous tubules by a 
complex and time-consuming process known 
as spermatogenesis. During this process, pri-
mordial diploid ‘typical’ cells are transformed 
into unique, morphologically and function-
ally specific haploid cells. Following this pro-
cess, and after release into the lumen of the 
seminiferous tubules and then passage into 
the epididymides, the spermatozoa undergo 
further maturational changes, e.g. acquiring 
the ability to be motile, but still undergo fur-
ther physiological and biochemical changes 
in the female reproductive tract to acquire 
their final ability to fertilize ova.

The unique morphological features of 
spermatozoa are critical for cell functionality. 
External influences, e.g. genetics, reactive 
oxygen species, temperature, hormonal modi-
fications, external chemicals and DNA modi-
fications, may negatively affect the production 
of normal spermatozoa. These factors are 
discussed in this chapter, but before doing 
so, a review of spermatozoa morphology is 
presented in order to provide an under-
standing of the significance of these external 
factors.

* E-mail: akaya@altagenetics.com

Normal Sperm Morphology

Classical studies using light and electron 
microscopy have provided a basic under-
standing of the structural and functional 
features of mammalian spermatozoa. Also, 
many sperm abnormalities have been docu-
mented as associated with male infertility 
and sterility in most of the species studied.

Although the size and shape of sperm-
atozoa are different among different species, 
the main morphometric structures are similar 
(Sullivan, 1978). Mammalian spermatozoa 
consist of two major functionally dependent 
parts: the head and the tail. While the sperm 
head contains the materials necessary for 
fertilization and paternal DNA, the tail com-
prises the apparatus necessary for sperm 
energy production and motility (Sullivan, 
1978; Roberts, 1986; Barth and Oko, 1989; 
Garner and Hafez, 2000).

The head

The sperm head is oval and flattened in shape 
and it is divided into two segments: the anterior 
acrosome and the posterior post-acrosomal 
region. The junction of the anterior and posterior 



Determinants of Sperm Morphology 35

regions is known as the nuclear ring. 
Underlying the anterior acrosome and con-
tinuing to the base of the head is the 
nucleus (Fig. 3.1).

The nucleus

The largest component of the sperm head 
is the nucleus, which contains highly con-
densed DNA, the result of the involvement 
of sperm-specific proteins, the protamines 
(Ward and Coffey, 1991; Hazzouri et al., 2000). 
This condensed DNA state characterizes the 

cell as being non-dividing and transcription-
ally inactive (Balhorn, 1982; Hazzouri et al.,
2000; Johnson et al., 2011). Further, the com-
pacted sperm DNA occupies a very small 
volume compared with the DNA in the 
mitotic chromosome (Ward and Coffey, 1991). 
The nucleus is surrounded by a special 
cytoskeletal complex of perinuclear theca 
called the post-acrosomal sheet (Fawcett 
1975; Sullivan, 1978; Olson et al., 2002).

The acrosome

The acrosome is a unique sperm organelle 
that develops from the Golgi apparatus 
during early stages of spermatogenesis. The 
acrosome is composed of an inner and outer 
membrane and a protease-filled matrix. In 
mammals, the acrosome overlays in a cap-
like manner about 60% of the apical region 
of the sperm nucleus and head. It exhibits 
species-specific differences in shape, size and 
precise location on the sperm head (Fawcett, 
1975; Mann and Lutwak-Mann, 1981).

The acrosomal membrane that just 
underlies the plasma membrane is known as 
the outer acrosomal membrane, while that 
overlying the nucleus is called the inner 
acrosomal membrane. (Fawcett, 1975; 
Yanagimachi, 1994; Wassarman, 1999; Eddy, 
2006). The posterior region of the acrosome is 
known as the nuclear ring or the equatorial 
segment. Because the acrosome develops 
during spermatogenesis from the Golgi appar-
atus, it has been referred to as a special-
ized lysosome. The posterior region of the 
sperm head (the post-acrosomal region) 
undergoes changes during post-testicular 
maturation in the epididymides. These mat-
urational changes play a significant role in 
sperm-specific binding and fusion with the 
oolemma (plasma membrane of the oocyte) 
after sperm have penetrated through the 
corona radiata and zona pellucida following 
the acrosome reaction (Sullivan, 1978; Barth 
and Oko, 1989; Yanagimachi, 1994; Ellis et al.,
2002 Olson et al., 2002). Enzymes that have 
been reported to be present in the acrosome 
include: hyaluronidase, proacrosin, acrosin, 
esterases, neuraminidase, acid phosphatase, 
phospholipases, aryl phosphatase, b-N-
acetylglucosaminidase, arylamidase, collagenase 

Fig. 3.1. Graphic illustration of the bovine sperm 
head, indicating the main parts: apical ridge (ar), 
which is prominent in some ruminants; acrosomal 
cap (acr); cell membrane (cm); nucleus (n); nuclear 
ring (nr), which is also known as the equatorial 
ridge; and the post-nuclear cap (pnc). (Adapted 
from Saacke RG and Almquist JO (1964a) 
Ultrastructure of bovine spermatozoa. I. The head 
of normal ejaculated sperm American Journal of 
Anatomy 115 144. This material is reproduced with 
permission of John Wiley & Sons, Inc.)
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and corona penetrating enzyme (CPE) 
(Allison and Hartree, 1970; Zaneveld and 
Williams,1970; Mann and Lutwak-Mann, 
1981; Barth and Oko, 1989; Eddy, 2006).

The specific functions of some of these 
enzymes are well documented, while those 
of others are not. Hyaluronidase is released 
from the acrosome and plays a role in either 
the dispersal or the digestion of the cumulus 
oophorus extracellular matrix of the oocyte. 
CPE, which is also associated with the outer 
acrosomal membrane, plays a role in pene-
trating through the corona radiata of the 
oocyte. Acrosin is present in the acrosome as 
proacrosin; it is associated with the inner 
acrosomal membrane and is converted into 
acrosin. Acrosin is a trypsin-like enzyme that 
functions to allow penetration of spermato-
zoa through the zona pellucida during fertil-
ization. Neuraminidase also evidently enhances 
passage of spermatozoa through the zona 
pellucida and the plasma membrane of the 
oocyte (Allison and Hartree, 1970; Zaneveld 
and Williams, 1970; Mann and Lutwak-Mann, 
1981; see Gadella, 2013, and Chapter 4 for 
in-depth discussions on the physiology and 
biochemistry of sperm–oocyte interactions).

The tail

The sperm tail consists of four segments: the 
neck (connecting piece), the midpiece, the 
principal piece and the endpiece. Each of 
these four segments is surrounded by a com-
mon cell membrane (Fawcett, 1975; Sullivan, 
1978; Barth and Oko, 1989; Garner and Hafez, 
2000; Olson et al., 2002; Eddy 2006). The pri-
mary structural parts of the mammalian 
sperm tail are the axoneme, the mitochon-
drial sheath, the outer dense fibres and the 
fibrous sheath. The centrally located axoneme 
is composed of nine evenly spaced micro-
tubule doublets and a central pair of singlet 
microtubules. These extend throughout the 
length of the tail. The outer dense fibres have 
a very remarkable cytoskeletal structure, con-
sisting of nine fibres that surround the axo-
neme and extend through the neck, the 
midpiece and principal piece of the mamma-
lian sperm tail (Sullivan, 1978; Roberts 1986; 
Haidl et al., 1991; Mortimer, 1997; Garner 

and Hafez, 2000; Olson et al., 2002). Haidl 
et al. (1991) also reported that defects of the 
outer dense fibres result in abnormal sperm 
morphology in men. The helically arranged 
mitochondrial sheath surrounds the outer 
dense fibres in the midpiece, whereas only 
the fibrous sheath surrounds the outer dense 
fibres in the principal piece. Only the micro-
tubules terminate in the endpiece (Fawcett, 
1975; Mortimer,1997; Eddy, 2006).

The neck

The neck is a short connecting segment 
between the head and the tail of the sperm-
atozoon (Fig. 3.2). The sperm head and tail 
are connected via the basal plate at the caudal 
end of the nucleus, and the capitulum, which 
adheres to the basal plate of the implantation 
fossa of the nucleus (Fawcett, 1975; Mortimer, 
1997). The neck and the axoneme are formed 
by a pair of centrioles that are composed of 
nine circularly arranged microtubular trip-
lets. These two centrioles are present in the 
spermatid at the time of sperm tail formation. 
The distal centriole forms the axoneme, 
whereas the proximal centriole is associated 
with the formation of capitulum (Barth and 
Oko, 1989; Mortimer 1997; Eddy, 2006). Thus, 
the connecting piece has a dual origin from 
both the proximal and distal centrioles 
(Gordon, 1972; Fawcett, 1975).

The midpiece

The midpiece (Fig. 3.3) is the region of the tail 
between the neck and the annulus (Jensen’s 
ring). The annulus is a structural element of 
the mammalian sperm tail, which connects 
the midpiece and the principal piece. In the 
midpiece segment, the outer dense fibre–
axoneme complex is surrounded by a helically-
wrapped mitochondrial sheath, which extends 
from the neck to the annulus (Fawcett, 1975; 
Sullivan, 1978; Mortimer, 1997; Olson et al.,
2002; Eddy, 2006).

The mitochondria of the midpiece gener-
ate energy in the form of ATP, which is used for 
sperm locomotion. The inner mitochondrial 
membrane is the site of energy production 
(Mortimer, 1997). The elongated mitochondrial 
helix surrounds approximately 80% of the 
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midpiece. There is a wide range of variation 
among mammals in the length of the midpiece 
and in the number of mitochondria present 
(Fawcett, 1975; Sullivan, 1978; Eddy, 2006).

The principal piece

The principal piece is the longest part of the 
sperm flagellum and extends from the annulus 

to the terminal piece (Fig. 3.4). Due to the 
termination of mitochondria in the mid-
piece, the diameter of the tail in the principal 
piece is reduced. The principal piece is char-
acterized by the presence of a fibrous sheath, 
which provides stability for the contractile 
elements of the tail (Fawcett, 1975; Sullivan, 
1978; Mortimer, 1997; Garner and Hafez, 
2000; Eddy, 2006).

his

c

ip

ip
mh

afb

Fig. 3.2. Graphic illustration of the neck region of 
the bovine sperm, shown with the cell membrane 
removed and the tail separated from the head (h). 
Part of the mitochondrial helix (mh) is cut away in 
order to reveal the axial filament bundle (afb), 
which extends down the tail, and is composed of 
20 fibres arranged in a 9+9+2 array. The outer ring 
of the nine course fibres merge to form the 
laminated columns in the neck. The larger 
laminated columns are known as the implantation 
plates (ip), and in the neck form the capitulum (c), 
which fits into the recess in the head, known as 
the implantation socket (is). (Adapted from Saacke 
RG and Almquist JO (1964b) Ultrastructure of 
bovine spermatozoa. II. The neck and tail of 
normal ejaculated sperm American Journal of 
Anatomy 115 170. This material is reproduced with 
permission of John Wiley & Sons, Inc.)

le
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Fig. 3.3. Graphic illustration of the midpiece 
and anterior portion of the principal piece of the 
bovine sperm. The cell membrane (cm) is partially 
removed and the midpiece cut to reveal the 
internal structure: mitochondrial helix (mh); 
Jensen’s ring (jr), also known as the annulus; 
fibrous helix (fh); and the longitudinal element (le). 
(Adapted from Saacke RG and Almquist JO 
(1964b) Ultrastructure of bovine spermatozoa. II. 
The neck and tail of normal ejaculated sperm 
American Journal of Anatomy 115 165. 
This material is reproduced with permission 
of John Wiley & Sons, Inc.)
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The endpiece

The endpiece is the region beyond the distal 
end of the fibrous sheath. This region con-
tains only the terminal segment of the axo-
neme, surrounded only by the cell membrane 
of the sperm tail (Fawcett, 1975; Mortimer, 
1997; Garner and Hafez, 2000).

Abnormal Sperm Morphology

It has been well documented that a variety of 
sperm structural modifications are present in 
ejaculates of all species. The morphometric 
shapes and/or size of the sperm cells that are 
different from the normal structure that is 
characteristic of the individual species are 
referred to as abnormal or teratozoic sperm-
atozoa. The distinct morphological devi-
ations from normal structure can be usually 
identified during routine clinical evaluation 
of semen quality. The importance of morpho-
logically abnormal spermatozoa to fertility 
was first brought to the attention of other 
investigators by Williams (1920). Williams 
and Savage (1925), and then Lagerlof (1934), 
reported the production of abnormal sperm-
atozoa by infertile and sterile bulls. For more 
than 70 years, there have been extensive stud-
ies involving the identification of abnormal 
sperm morphology and its relationship with 
fertility (Lagerlof, 1934; Salisbury et al., 1942; 
Cupps and Briggs, 1965; Blom, 1972; Lorton 
et al., 1983; Barth and Oko, 1989; Söderquist 
et al., 1991; Foote et al., 1992; Howard et al.,
1993; Saacke, 2008).

Abnormal sperm cells have long been 
associated with sub-fertility or sterility, 
depending on the type or frequency of the 
morphological abnormalities. However, the 
prediction of fertilizing ability is still largely 
a mystery owing to the fact that abnormal 
sperm cells coexist along with normal sperm 
cells, and the presence (i.e. number) of normal 
cells can be adequate for normal fertility. Still, 
when a very high frequency of several mor-
phological abnormalities is found in the 
ejaculate, fertility of the male is expected 
to decline (Salisbury et al., 1942; Barth and 
Oko, 1989). Thus, relatively arbitrary thres-
holds of the percentage of morphological 
abnormalities have been established by 
andrologists in the animal breeding industry 
in order to consider the ejaculate as worthy 
of use in animal breeding. The economic 
impact of sub-fertility is of the utmost importance, 
even in light of superior genetics. Therefore, 
periodic sperm morphological evaluations 
during either natural or artificial breeding 
programmes serve as a valuable tool for 
maintaining optimal fertility levels.

mh

fh

tp

Fig. 3.4. Graphic illustration of the principal piece 
and terminal piece (tp) of the bovine sperm. The 
cell membrane is removed and the principal piece 
cut at several locations to show the change in the 
axial filament bundle as it passes through the 
fibrous helix (fh) and the mitochondrial helix (mh). 
(Adapted from Saacke RG and Almquist JO (1964b) 
Ultrastructure of bovine spermatozoa. II. The neck 
and tail of normal ejaculated sperm American 
Journal of Anatomy 115 169. This material is 
reproduced with permission of John Wiley & 
Sons, Inc.)
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Classification of Abnormal 
Sperm Morphology

There are various morphological schemes that 
are used by andrologists to characterize sperm 
abnormalities and the importance of each 
abnormality with respect to fertility (Salisbury 
et al., 1942; Blom, 1972; Barth and Oko, 1989; 
Söderquist et al., 1991; Saacke et al., 1994). 
These schemes include those described below.

The origin of the abnormalities

Earlier researchers classified morphological 
abnormalities as primary, secondary or ter-
tiary according to their origin (Williams and 
Savage, 1925; Lagerlof, 1934; Salisbury et al.,
1942; Blom, 1950; Garner and Hafez, 2000). The 
primary abnormalities were considered to 
be developmental abnormalities occurring 
within the seminiferous epithelium as a result 
of abnormal spermatogenesis before sperm-
iation. These abnormalities include sperm 
head and acrosome abnormalities, midpiece 
abnormalities, e.g. the Dag defect, proximal 
cytoplasmic droplets and primordial cells. 
Secondary abnormalities were considered to 
be those originating after the sperm cells exit 
the testis. These abnormalities were attributed 
to altered epididymal maturation, prolonged 
retention of the sperm cells in the genital tract 
and abnormal composition of the seminal 
plasma introduced during ejaculation (Elmore, 
1985; Roberts, 1986; Garner and Hafez, 2000). 
Secondary abnormalities include distal cyto-
plasmic droplets, simple bent tails, free nor-
mal heads and detached acrosomes. Tertiary 
abnormalities were characterized as being the 
result of improper semen handling during or 
after collection. Examples include fast cooling, 
high ambient temperature, contamination with 
urine or water and improper slide preparation 
for examination (Mitchell et al., 1978; Elmore, 
1985; Roberts, 1986; Garner and Hafez, 2000).

Impact on fertility: major and minor 
sperm abnormalities

Although the classification of sperm abnor-
malities based on their origin has been widely 

accepted, it is often difficult to distinguish the 
anatomical origin of those abnormalities, 
even with the use of the electron microscope. 
For example, although the Dag defect was 
considered to be a primary defect, it also was 
reported to occur during the caput epididy-
mal transit, although it was normal in the tes-
tis (Blom, 1972, 1973). Blom (1972) reported 
that some sperm head abnormalities were not 
related to improper testicular function, but 
occurred after the cells exited the testes. Due 
to the fact that the origin-based classification 
was observed to be not consistent, Blom 
(1972) suggested a new scheme in which a 
sperm abnormality is either associated with 
a major adverse impact on male fertility, 
i.e. ‘major defects’, or is associated with 
a minor effect on male fertility, i.e. ‘minor 
defects’. A high incidence of major defects is 
associated with impaired fertility or sterility 
and probably results from abnormal condi-
tions in the testis or epididymis, or from 
hereditary genetic defects. The minor defects 
are considered to be less important for male 
fertility, unless they are present in a large 
percentage within the ejaculate.

Localization of abnormalities

Sperm morphological abnormalities have 
more simply and traditionally been classified 
based on where the abnormalities are local-
ized on the spermatozoa. Thus, the abnor-
malities are categorized as being of the 
acrosome, the head, the neck or midpiece, or 
the tail (Söderquist et al., 1991; Al-Makhzoomi 
et al., 2008).

Compensable and uncompensable 
sperm defects

Spermatozoal abnormalities have also been 
classified as compensable or uncompensable 
based upon the ability to overcome the 
presence of the abnormalities and achieve 
optimal fertility by increasing number of 
spermatozoa per breeding dose (Saacke et al.,
1994; den Daas et al., 1998; Saacke et al., 2000). 
It should also be noted that non-motile sperm 
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and sperm with gross abnormal morpholo-
gies are prevented by the female reproduc-
tive tract from reaching the site of fertilization; 
so an insufficient number of spermatozoa 
may then be present to fertilize the oocyte, 
and decreased fertility is the result (Saacke 
et al., 1998).

The incidence of compensable sperm 
defects can be overcome by increasing the 
number of normal spermatozoa in an artificial 
breeding dose. Therefore, the fertility of the 
bull will be at the maximum level for that 
individual. Increasing the number of normal 
spermatozoa further will not affect (i.e. increase) 
fertility. It should also be noted that different 
individuals exhibit different maximum fertil-
ity levels (Pace et al., 1981; Saacke et al., 1994; 
Saacke, 2008).

Increasing the number of spermatozoa 
does not overcome the negative effects of 
uncompensable sperm defects, which may be 
of molecular or genetic origin. Uncompensable 
sperm defects are likely to be identified as 
normal or slightly irregular during routine 
laboratory evaluations. These sperm are often 
capable of reaching the site of fertilization, 
and penetrating and activating the oocyte, 
but fail to support zygotic and embryonic 
development (Saacke et al., 1998; Evenson, 
1999; Saacke, 2008).

Genetic sperm defects

Genetic sperm defects occur without environ-
mental effects and at a constant rate; 
they can be transmittable to future genera-
tions (Chenoweth, 2005). The diagnosis of 
such defects is especially important as, other-
wise, impaired fertility occurs in both cur-
rent and future generations (Sullivan, 1978; 
see Chapter 7 (Chenoweth and McPherson) 
for a complete discussion of sperm genetic 
abnormalities).

Reactive Oxygen Species (ROS) 
and Abnormal Sperm Production

ROS are important modulators of sperm 
capacitation and function (Agarwal et al.,
2005). At high concentrations, ROS can be 

detrimental to sperm viability; however, at 
low concentrations, they are important to cell 
signalling (de Lamirande et al., 1997; Griveau 
and Le Lannou, 1997; Rivlin et al., 2004; 
Sanocka and Kurpisz, 2004; Roy and Atreja, 
2008). ROS include superoxide anions, hydro-
gen peroxide, nitric oxide and lipid per-
oxides. Intracellular protein peroxides are 
created through photo-oxidation of organic 
molecules by ultraviolet (UV) and visible 
light, creating singlet oxygen (Wright et al.,
2002). O’Flaherty et al. (2006) demonstrated 
that ROS modulate phosphorylation events 
at multiple points in the phosphorylation 
pathways during the capacitation of human 
sperm. Tyrosine phosphorylation is one such 
major pathway (Naz and Rajesh, 2004), and 
this has also been demonstrated in boar 
(Flesch et al., 1999; Bravo et al., 2005) and 
equine sperm (Baumber et al., 2003).

Physiologically, an increase in ROS has 
been shown to have a detrimental effect on 
sperm function. Gong et al. (2012) found that 
decreased levels of peroxiredoxin enzymes 
that scavenge free radicals are correlated with 
increased levels of DNA damage and with 
decreases in human sperm quality. Indeed, 
increased levels of ROS are commonly asso-
ciated with human male infertility (Aitken 
et al., 2012). Wang and Liu (2012) found incre-
ased levels of 8-hydroxy-2’-deoxyguanosine 
(8-OHdG), a product of DNA oxidation, in 
sperm from human males clinically diag-
nosed with idiopathic asthenozoospermia.

Increases in ROS production can also be 
related to observed sperm morphological 
alterations, such as seen in sperm from infer-
tile men (Aziz et al., 2004), stallions (Ball et al.,
2001) and dogs (Cassani et al., 2005). Such dif-
ferences in ROS production are also com-
monly seen in sperm from males of the 
same species, either as an endogenous trait 
responding to environmental conditions, as 
demonstrated in Bos taurus and B. indicus
when responding to seasonal changes (Nichi 
et al., 2006), or in response to other stressors 
such as advancing disease and pathology in 
the human male reproductive tract (Vicari 
et al., 2006). An increase in ROS in ejaculated 
sperm has been associated with increases in 
DNA damage in humans and rams (Fedder 
and Ellerman-Eriksen, 1995; Hughes et al., 1998; 
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Twigg et al., 1998a,b; Wang et al., 2003; Said 
et al., 2005a,b; Kasimanickam et al., 2006).

An important component of mitochon-
dria is cytochrome C (cytC), which, in con-
junction with Complex IV, participates in 
establishing the electrochemical gradient of 
mitochondria and the subsequent production 
of ATP. When the structural integrity of the 
mitochondrial inner membrane is comprom-
ised, cardiolipin (CL) is released and binds 
to cytC (Kagan et al., 2009). The resultant 
cytC/CL complex produces hydroperoxides 
(Kagan et al., 2006).

Other critical proteins, such as apoptosis 
inducing factor (AIF), also emerge from 
the deteriorating mitochondrial membrane 
(Susin et al., 1999; Candé et al., 2002; Fleury et al.,
2002; van Loo et al., 2002a,b; Philchenkov, 2004) 
and are present in sperm (Martin et al., 2004; 
Paasch et al., 2004; Grunewald et al., 2005a,b). 
Mature sperm are terminally differentiated 
cells that are also transcriptionally silent 
(Monesi, 1965), unlike somatic cells, which 
are transcriptionally active during apop-
tosis. The caspase proteins, which are part 
of the signalling pathways to programmed 
cell death, i.e. apotosis, are absent from 
mature sperm cells. Their presence in sperm 
then is indicative of immature or damaged 
cells, for example after the cryopreservation 
and thawing processes. The presence of 
activated apotosis signalling, which has 
been termed ‘apoptotic like’, is indicative 
of decreased fertilizing ability (Grunewald 
et al., 2008, 2009).

Not all research groups have noted a 
clear correlation between increased ROS pro-
duction and negative fertilization effects or 
morphological abnormalities (Moilanen et al.,
1998). Zan-Bar et al. (2005) found that ram 
sperm were more susceptible to light-induced 
ROS generation than were tilapia sperm. It is 
also possible that the ability to discern differ-
ing levels of ROS production could be com-
promised, as ROS production has been shown 
to decline over time during the assay period 
(Kobayashi et al., 2001); this could potentially 
skew the results.

Since ejaculates are comprised of mil-
lions to billions of individual sperm cells, 
variability in the overall quality of the ejacu-
late is reflected in the total number of individual 

defects. Sperm with defects in the nuclear 
chromatin or the protamine milieu have been 
demonstrated to cause problems to sustained 
embryo development (Ward et al., 2000; Seli 
et al., 2004; Lewis and Aitken, 2005; Nasr-
Esfahani et al., 2005; Suganuma et al., 2005). 
Excess lipid peroxidation has also been 
shown to be correlated with midpiece abnor-
malities in human semen (Rao et al., 1989). 
However, mitochondrial abnormalities cannot 
be too severe or the resulting pathology will 
be reflected in the overall midpiece struc-
ture, thereby ablating or seriously attenuat-
ing the motility and subsequent fertilizing 
ability. The ability of sperm to progress 
though cervical mucus is seriously comprom-
ised in sperm with midpiece deformities, 
while sperm of normal morphology are 
favoured (Jeulin et al., 1985). It would there-
fore be logical to believe that midpiece 
deformities prevent sperm from reaching 
the site of fertilization. Because of the role 
of mitochondria in creating and regulat-
ing ROS during oxidative phosphorylation 
(Brookes et al., 2004), and because ROS may 
have a detrimental effect on sperm, significant 
disturbances in the functional physiology 
of the midpiece, which are not necessarily 
reflected in the morphology, are still of great 
concern.

The Environment and Abnormal 
Sperm Production

Temperature

Major disruptions to any of the mechanisms 
regulating testicular temperature can be 
detrimental to spermatogenesis. In mam-
mals, the spermatogenic apparatus of the 
testicles functions optimally at a tempera-
ture 2–4°C below that of the core body tem-
perature. This cooler temperature range 
is maintained in most terrestrial mammals 
by a combination of sweating and evapor-
ative cooling of the scrotal epidermis (Waites, 
1991), by changes in testicular position 
relative to the body as adjusted by the tunica 
dartos muscle (Maloney and Mitchell, 1996) 
and by the countercurrent exchange system 
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of the pampiniform plexus (Coulter and 
Kastelic, 1994). Waites and Voglmayr (1962) 
also provided evidence that in rams the apo-
crine sweat glands of the scrotal epidermis 
are stimulated by adrenergic sympathetic 
nerves in response to elevated temperature. 
Johnson et al. (1969) reported a decrease in 
the testicular weights of rams exposed to 
an increase in ambient air temperature. The 
weight changes corresponded to increased 
levels of lipids and free cholesterol, possibly 
due to decreased androgen production.

Ambient heat is relevant to sperm qual-
ity issues not only because it can be repro-
duced for scientific study, but also because 
animals are indeed subjected to elevated tem-
perature and humidity indices. Extremes of 
heat can compromise sperm quality, as evi-
denced by an increase in the number of 
abnormal sperm (Austin et al., 1961; Igboeli 
and Rakha, 1971; Kumi-Diaka et al., 1981; 
Parkinson, 1987; Mathevon et al., 1998). 
Spermatogenesis in animals occurs in a pro-
gressive, cyclical manner, known as the cycle 
of the seminiferous epithelium. The time 
required for these progressive changes is the 
duration of the cycle, and differs by species. 
When scrotal insulation is applied under 
research conditions, specific patterns of 
sperm cell abnormalities arise in relation to 
the temporal characteristics of spermatogen-
esis (Barth and Oko, 1989; Vogler et al., 1993; 
Karabinus et al., 1997; Zhu and Setchell, 2004; 
Enwall, 2009; Rahman et al., 2011).

Cryptorchid animals are a ‘natural’ 
example of the effects of heat on spermato-
genesis. The temperature of the cryptorchid 
testis reflects that of the body temperature. 
Bilaterally cryptorchid individuals are infer-
tile (Setchell, 1998), but spermatogenesis in 
cryptorchid pigs (Frankenhuis and Wensing, 
1979) and rats (Karpe et al., 1984) has been 
restored if the testicles are removed from 
the warmer body cavity and moved into 
the cooler scrotum. Warming the scrotum 
in a heated water bath (Sailer et al., 1997), 
heating the neck of the scrotum (Kastelic et al.,
1996), or insulating the entire scrotum (Vogler 
et al., 1991, 1993; Karabinus et al., 1997; Brito 
et al., 2003) can also induce changes to 
normal spermatogenesis via heat stress. 
When using semen from rams that had been 

scrotally insulated for 16 h/day on 21 con-
secutive days, Mieusset et al. (1992) noted 
that, while pregnancy rates in ewes did not 
decrease, embryonic mortality was signifi-
cantly increased.

Spermatogenesis in the bovine bull 
occurs over a 65 day process whereby the 
spermatogonial stem cells undergo mitosis 
and meiosis, and subsequently physiological 
and morphological alterations, to produce 
mature sperm (Johnson et al., 1994). When 
dairy bulls were subjected to 2 or 3 wk long 
periods of elevated ambient air temperature 
(in excess of 37°C), sperm concentration, 
motility and total numbers were decreased 
and spermatogenesis was almost ablated 
(Casady et al., 1953). When scrotal insulation 
is applied for 48 h, specific patterns of sperm 
cell abnormalities arise in relation to the tem-
poral characteristics of spermatogenesis 
(Vogler et al., 1993; Brito et al., 2003; Walters 
et al., 2005a; Enwall, 2009).

Dutt and Hamm (1957) reported that in 
unshorn rams subjected to an ambient temper-
ature of 32°C for 1 wk, spermatogenesis was 
negatively affected 5 wk later. In male rabbits 
exposed to an air temperature of 43°C for 1 h, 
an effect was seen on fertilization but not on 
sperm motility (El-Sheikh and Casida, 1955). In 
roosters, a decrease of sperm numbers in the 
ejaculates occurred after a 3 h heat stress event, 
while sperm number recovered within 2 wk 
following the stress (Boone and Huston, 1963).

Heat stress to the scrotum not only 
alters the morphology of testicular sperm-
atogenic cells (Kumi-Diaka et al., 1981; 
Malmgren and Larsson, 1989), but also 
affects the morphology of ejaculated sperm 
(Parkinson, 1987; Vogler et al., 1991, 1993; 
Barth and Bowman, 1994; Kastelic et al.,
1996; Sailer et al., 1996; Enwall, 2009). The 
resulting altered sperm morphology has also 
been linked to decreased fertility (Skinner 
and Louw, 1966; Thundathil et al., 1998, 1999; 
Ostermeier et al., 2000; Jung et al., 2001; 
Karaca et al., 2002; Brito et al., 2003; Walters 
et al., 2005a,b, 2006; Enwall, 2009). This is not 
surprising given that alterations in the 
nuclear structure of sperm have been shown 
to correspond to decreased fertility with or 
without heat stress (Sailer et al., 1996; 
Evenson, 1999; Ostermeier et al., 2001).
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Nutrition

Spermatogenesis, like other metabolic pro-
cesses, requires energy as well as the micro-
nutrient resources required by enzymatic 
reactions. It would then be reasonable to 
think that irregularities in the dietary 
intake of an organism might have an effect 
on an energy intensive process such as 
spermatogenesis.

For instance, Schmid et al. (2012) found 
that older men with a higher intake of micro-
nutrients, such as vitamin E, b-carotene, zinc, 
folate and, in particular, vitamin C, had 
less sperm DNA damage than those with 
lower micronutrient intake. In rams and 
goat bucks, poor nutrition has been shown 
to result in smaller testicular size and 
reduced sperm output, although evidently 
the effects were not associated with gon-
adotrophin levels (Martin and Walkden-
Brown, 1995; Martin et al., 2010). Brito et al.
(2007) and Barth et al. (2008) reported 
that improved diet in young calves not 
only increased testicular size but also 
produced a sustained secretion of luteiniz-
ing hormone (LH) and increased insulin-
like growth factor I (IGF-I). In Menz ram 
lambs, improved dietary intake resulted 
in better overall growth and testicular 
size (Mukasa-Mugerwa and Ezaz, 1992). 
In roosters, the addition of l-carnitine to 
the diet improved the number of sperm as 
well as reducing lipid peroxidation (Zhai 
et al., 2007). When a-tocopherol was added 
to the diets of roosters, increased levels 
of polyunsaturated fatty acids and anti-
oxidant capacity of semen were observed 
(Surai et al., 1997).

Selenium also seems to play a critical 
role in animal spermatogenesis. There 
are at least 11 known selenoproteins, includ-
ing glutathione peroxidase, phospholipid 
hydroperoxide glutathione peroxidase, dei-
odinase and thioredoxin reductase (Holben 
and Smith, 1999). Contri et al. (2011) noted a 
positive correlation between supplements 
of organic selenium, vitamin E and zinc 
and progressive sperm motility in stallions. 
Slowińska et al. (2011) provided evidence 
that selenium-enriched diets improved sperm 
concentration and the number of sperm in 

turkey ejaculates. Selenium supplementa-
tion has also been shown to result in similar 
effects in Egyptian cockerels (Ebeid, 2009), 
mice (Ibrahim et al., 2012; Ren et al., 2012) 
and boars (Speight et al., 2012). Because sel-
enium is critical to the function of glutathione 
peroxidase activity, deficiencies in the ele-
ment can lead to decreased enzyme function 
and potential decreased sperm quality 
(Sławeta et al., 1988). Croxford et al. (2011) 
found that a zinc deficiency in mice resulted 
in decreased spermatogenesis. Zinc defi-
ciency in humans has also been linked to 
decreased fertility (Hunt et al., 1992; Colagar 
et al., 2009).

Gossypol, which is a lipid soluble poly-
phenolic pigment found in the cotton plant – 
which is often used as animal feed – increases 
the percentage of abnormal spermatozoa. 
The abnormalities are apparent as segmental 
aplasia of the mitochondrial sheath. Daily 
sperm production and sperm motility are 
also decreased, although testicular circum-
ference and weight do not decrease 
(Chenoweth et al., 1994, 2000). In rats fed 
gossypol, Hoffer (1983) reported dramatic 
defects on the mitochondrial sheath of stage 
18 and 19 spermatids. Kennedy et al. (1983) 
suggested that the negative effects of 
gossypol on fertility were via inhibition of 
the conversion of proacrosin to acrosin, as 
demonstrated by in vitro studies using sperm-
atozoa ejaculated from boar and human 
(Kennedy et al., 1983). Aflatoxins, which are 
mycotoxins that can be found in animal feed 
after storage under certain conditions, also 
affect male reproduction, and in such cases 
testes have been observed to be atrophied 
and spermatogenesis totally arrested. The 
effects observed are dependent upon the lev-
els of aflatoxins in the feed, so in some ani-
mals only increased sperm abnormalities 
were detected (Ortatatli et al., 2002; Akbarsha 
et al., 2011).

The presence of heavy metals or pesti-
cides in the diet has been linked to detri-
mental effects on sperm and fertility. 
Selvaraju et al. (2011) tested the effects of 
cadmium, lead, chlorpyrifos and endosul-
fan on buffalo sperm in vitro and noted 
decreased cell integrity and reduced fertili-
zation rates.
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Endocrinology of Sperm Production 
and Physiology

Sperm production is a complex process 
that is regulated by the effects of many hor-
mones and some key regulators. The primary 
organs that produce the hormones and regu-
lators involved in sperm production are the 
hypothalamus, the pituitary gland and the 
testes. As well as some of the pituitary hor-
mones, e.g. follicle-stimulating hormone 
(FSH) and LH, the gonadal hormones – 
androgens and oestrogens (Carreau, 2001; 
Carreau et al., 2006) – are considered to be the 
primary hormones for spermatogenesis 
(Baarends, 1995; Nicholls et al., 2011). 
Oestrogens, which are converted from andro-
gens by cytochrome P450 aromatase and act 
via oestrogen receptors (Carreau, 2001) also 
have important roles during spermatogenesis 
(Carreau, 2001; Carreau et al., 2006).

The testes have two main functions: 
sperm and hormone production. Sperm-
atogenesis begins with mitotic divisions of 
the spermatogonia and, after two meiotic 
divisions activated by retinoic acid at 
puberty (Matson et al., 2010), spermatids are 
released into the lumen of the seminiferous 
tubules by the process of spermiation. 
Spermiation is regulated by FSH and testos-
terone (Saito et al., 2000; Beardsley and 
O’Donnell, 2003; Beardsley et al., 2006; 
Nicholls et al., 2011). Serum Anti-Müllerian 
hormone (AMH), which is stimulated by 
FSH, is high prepuberty, and declines at 
puberty as a result of LH-driven androgen 
suppression of FSH (Young et al., 2005). 
AMH is not only responsible for the regres-
sion of the Müllerian ducts during male sex-
ual differentiation, but also for the regulation 
of androgen production in the postnatal 
testes (Spiraman et al., 2001).

Sertoli cells are unique somatic cells 
that extend from the basement membrane to 
the lumen of the seminiferous tubules and 
perform important roles during spermato-
genesis and spermiation. These cells pro-
duce androgen binding protein (ABP), 
which is necessary to maintain the required 
testosterone levels in spermatogenic cells. 
The extra-tubular somatic cells, the Leydig cells, 
are under the control of the gonadotrophin 

LH and produce the hormone testosterone, 
which is strictly required for spermatogen-
esis. Testosterone levels in the testes have 
been reported to be up to 100× higher than 
in blood serum (Verhoeven et al., 2010).

Endocrine modifiers and their influence 
on abnormal sperm production

In recent years, social and scientific concerns 
about endocrine modifiers or endocrine dis-
rupting compounds (EDCs) have been raised. 
Environmental compounds may have a sig-
nificant impact on organisms. Phytoestrogens, 
diethylstilboestrol (DES), bisphenol A (BPA), 
dichlorodiphenyltrichloroethane (DDT) and 
vinclozolin are important examples of EDCs. 
Sources of exposure to EDCs are primarily 
food, water and air (Diamanti-Kandarakis 
et al., 2009; Zhang and Ho, 2011). By modu-
lating endocrine signalling pathways, and 
activating or inhibiting oestrogen and andro-
gen receptors (Safe, 2004, 2005; Tabb and 
Blumberg, 2006; Diamanti-Kandarakis et al.,
2009; Zama and Uzumcu, 2010; Hochberg 
et al., 2011; Miyagawa et al., 2011; Zhang and 
Ho, 2011), endocrine modifiers are thought to 
be responsible for some important male and 
female reproductive problems, as well as 
other health problems (Mantovani et al., 1999; 
Diamanti-Kandarakis et al., 2009; Hochberg 
et al., 2011).

The primary problem for male repro-
duction thought to be caused by EDCs, is a 
decrease in sperm count (Safe, 2005). 
Gametogenesis can be affected by postnatal 
and/or adult exposures (Hochberg et al.,
2011). As male sexual differentiation is andro-
gen and possibly oestrogen dependent 
(Mantovani et al., 1999; Diamanti-Kandarakis 
et al., 2009), EDCs may have different actions 
in males than in females (Diamanti-
Kandarakis et al., 2009). In males, they may 
cause lowered fertility rates (Tripathi et al.,
2009). Safe (2005) reviewed a meta-analysis of 
sperm count studies and pointed out a dra-
matic decrease in human sperm count from 
1940 to 1990. Apoptotic cell death in germ 
cells occurs normally during spermatogen-
esis, but increases due to external stimuli 
(Tripathi et al., 2009), for example exposure to 
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ethane-1,2-dimethanesulfonate, nitrobenzene, 
high levels of BPA, lindane and endocrine 
disrupters (reviewed by Tripathi et al., 2009). 
Developing organisms are more sensitive to 
EDCs than adults (Mantovani et al., 1999; 
Markey et al., 2003; Evans et al., 2004; 
Diamanti-Kandarakis et al., 2009; Hochberg 
et al., 2011). Exposure of male embryos to syn-
thetic oestrogens during pregnancy causes 
changes in the external genitalia of mice (Kim 
et al., 2004).

According to Skakkebaek et al. (2001), 
testicular dysgenesis syndrome in men, 
which may be characterized by reduced 
sperm quality, testicular cancer and/or geni-
tal abnormalities, can be the result of adverse 
effects of environmental endocrine disrupters. 
Although some epigenetic changes (see next 
section) can be modified by hormone stimu-
lation, they may also be transmitted to a new 
generation (Diamanti-Kandarakis et al., 2009; 
Zama and Uzumcu, 2010; Hochberg et al.,
2011; Zhang and Ho, 2011).

Epigenetics of Sperm Abnormalities

Epigenetics is defined as the non-genetic 
factors that influence gene expression in the 
absence of changes in the genetic code. 
Two major epigenetic mechanisms influence 
sperm, namely, DNA methylation and chro-
matin structure.

Chromatin structure

Sperm DNA undergoes replication and 
remodelling during the mitotic and meiotic 
cell divisions of spermatogenesis. Major 
changes in chromatin structure involve 
dynamic transitions of the nuclear proteins, 
histones and protamines. Before the sperm-
atid stage, sperm DNA is wrapped around 
somatic histones (namely H1, H2A, H2B, H3, 
H4), but in the spermatids, the histones are 
first replaced by transition nuclear proteins 
(TNP) (Grootegoed et al., 2000; Rajender et al.,
2011), and then the TNPs are replaced by 
protamines. Interestingly, depending on the 
mammalian species, 1–15% of the sperm 

nuclear proteins remain as histones (van der 
Heijden et al., 2008). Following sperm pene-
tration into the oocyte, protamines are replaced 
by the maternal histones of the oocyte (Corzett 
et al., 2002).

What is the functional significance of 
the dynamic chromatin structures during 
spermatogenesis? Spermatozoa are approxi-
mately 10× smaller in size than somatic 
cells. As a result, sperm genomic DNA 
must be condensed into a much smaller 
volume. The tight compaction of the sperm 
nuclear DNA is achieved by the prota-
mines (Miller at al., 2010; Rajender et al.,
2011). The dynamics of sperm chromatin 
structure, which is an epigenetic pheno-
menon, is important for sperm functions 
including fertilization, egg activation and 
embryo development (Ward, 2010).

The precise regulation of nucleohistone 
and nucleoprotamine transitions is thought 
to be important for the protection of sperm 
DNA and for sperm to gain and retain their 
fertilizing ability (Ward, 2010). The three 
structural domains of mature spermatozoa, 
i.e. large amounts of DNA coiled into toroids 
by protamines, small amounts of DNA 
wrapped around histones, and the matrix 
attachment regions, are also important for 
sperm quality (Ward, 2010).

The structural integrity of these unique 
chromatin structures will help to ensure the 
transmission of a high-integrity paternal 
genome that is suitable for gene expression 
following fertilization. For example, it is 
thought that the ultracompact structure of 
the sperm has a protective function against 
DNA damage or viral invasion, and that 
regions of the retaining histones in the sperm-
atozoa may encode genes whose expres-
sion is important for early embryonic 
development (Hammoud et al., 2009). Indeed, 
it has been shown that sperm histones have 
been transmitted to the oocytes. Histones 
have been detected in the male pronucleus 
after fertilization (van der Heijden et al.,
2008). Posttranslational modifications of the 
sperm histones are also believed to be 
important for the sperm epigenome (Carrell 
and Hammoud, 2010) and abnormalities 
might affect fertilization and embryonic devel-
opment. For example, acetylation of sperm 
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histone 4 (H4) is thought to be important in 
histone replacement via decompaction of the 
sperm DNA (Govin et al., 2004). Similarly, 
sperm histones are known to be methylated, 
and perturbations of sperm DNA are associ-
ated with infertility (Lee et al., 2005; Jenkins 
and Carrell, 2011).

The primary nucleoproteins present in 
spermatozoa are protamine 1 (PRM1) and 
protamine 2 (PRM2) in most species, includ-
ing humans and mice. In the case of bovines, 
the European hamster, Norwegian rat, and 
Rattus tunneyi (pale field rat or Tunney’s rat), 
only PRM1 is detected (Corzett et al., 2002). It 
has been demonstrated that deviations from a 
PRM1/PRM2 ratio of 0.8–1.2 are associated 
with low fertility in humans (Balhorn et al.,
1988; Corzett et al., 2002; de Mateo et al., 2009). 
Cho et al. (2001, 2003) provided evidence that 
both PRM1 and PRM2 are essential for fertil-
ity in mice and that PRM1 deficiency causes 
sperm head abnormalities, while PRM2 pro-
tects the sperm DNA from damage.

DNA methylation

DNA methylation plays an important role in 
the regulation of gene expression, silencing of 
endogenous retroviruses, suppression of 
homologous recombinations and defence 
against the mutagenic effects of transposable 
elements in mammalian genomes (Yoder 
et al., 1997; Bestor, 2000).The enzymes DNMT1 
(DNA (cytosine-5)-methyltransferase 1) and 
DNMT3a and b catalyse reactions that add a 
methyl group on to the cytosine residues at 
CpG (cytosine–guanine) dinucleotides on 
newly synthesized hemimethylated DNA 
strands during replication, and on hemimethy-
lated and unmethylated DNA (Bird, 1986; 
Okano et al., 1998). The genes whose promot-
ers are methylated are not expressed because 
transcription factors and other DNA-binding 
proteins are not able to bind to the methy-
lated DNA (Bestor et al., 1992).

DNA methylation is a dynamic process 
during mammalian development. The global 
DNA methylation of the male and female 
genomes then decreases during early embryo-
genesis and then increases again as the 

embryo becomes a blastocyst (Reik et al.,
2001). Abnormalities in the DNA methylation 
of sperm have been implicated in male-factor 
infertility cases. For example, Houshdaran 
et al., (2007) demonstrated that DNA methylation 
was increased in many regions in poor-quality 
human sperm. In the same study, significant 
associations between DNA methylation and 
sperm concentration, motility and morphol-
ogy were determined for important genes 
such as NTF3, MT1A, PAX8 and PLAGL1.
Associations between sperm quality and 
DNA methylation and gene expression were 
also demonstrated by Pacheco et al. (2011), 
who provided evidence that DNA methyla-
tion and gene transcription were associated 
with low sperm motility.

Although recent research, as discussed 
above, has shown that alterations of sperm 
DNA methylation are associated with decreased 
fertility and suggest important roles for DNA 
methylation in fertility, many questions still 
await answers. For example, what are the 
mechanisms by which specific methylation 
profiles of sperm DNA influence male fertil-
ity? What do the methylation profiles of 
sperm DNA tell us; do they present molecular 
events that took place during spermatogen-
esis, or do they have any roles once the paternal 
genome enters the cytoplasm of the oocyte? 
How heterogeneous are the DNA methyla-
tion dynamics among sperm from the same 
individual and, importantly, to what extent 
can DNA methylation profiles of sperm be 
used as a fertility predictor for males?

Conclusion

The continuous increase in the global popu-
lation results in an increased need for higher 
quantity and quality meat and milk from 
food animals. To respond to this important 
need, science-based solutions need to be 
developed and applied to increase the repro-
ductive efficiency of livestock. Animal repro-
ductive biotechnology will benefit from a 
comprehensive understanding of the male 
gamete and of factors influencing gamete 
quality. The implementation of advanced 
technologies for the prediction of male 
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fertility will then greatly promote increased 
food quality and quantity. The net result will 
be a significant positive impact on animal 
producers, the public and the economy. The 
cellular and molecular attributes of sperm-
atozoa play major roles in the ability of 
spermatozoa to fertilize and activate the 
egg, and then sustain continued embryonic 
development. Recent and cutting edge 
knowledge of sperm cellular morphology 
and molecular integrity, for example the 
methylation of sperm DNA and the post-
translational changes of sperm proteins, are 

exciting advances in the field of animal 
reproduction that will lead to sustainable 
animal agriculture in this very crowded and 
challenged world.
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4 Sperm Preparation for Fertilization

Bart M. Gadella*
Utrecht University, Utrecht, the Netherlands

Introduction

Fertilization is a decisive moment in life and 
enables the combination of the DNA from 
two gametes to ultimately form a new organ-
ism. The sperm surface, especially the head 
area, has distinguishable functional areas that 
are involved in distinct fertilization processes. 
It is known that the sperm surface undergoes 
constant remodelling during its migration, 
especially in the epididymis (maturation) and 
in the oviduct (capacitation). Altogether, these 
changes serve to prepare sperm to meet the 
oocyte and bind to the zona pellucida. To this 
end, not only must sperm acquire hyperactiv-
ated motility but also three independent, 
successive events are required to establish 
monospermic fertilization. Firstly, the sperm 
cell must secrete its acrosome contents (the 
acrosome reaction), thus allowing the sperm 
to penetrate the zona pellucida and to reach the 
oocyte plasma membrane – the site of fertil-
ization. Next, the sperm cell binds to the 
oocyte plasma membrane, and the two dif-
ferent cells fuse together. Finally, the just 
fertilized oocyte must protect itself from 
polyspermic fertilization, which is established 
by the secretion of the cortical granule contents 
over the entire oocyte cell surface into the 
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perivitelline space (the cortical reaction). 
Altogether, these events lead to the activation 
of the oocyte and the formation of one male 
and one female haploid pronucleus. After 
syngamy, the resulting diploid zygote is 
ready to develop into an embryo and a new 
organism.

This chapter provides an overview of the 
current understanding of the preparative pro-
cesses of sperm that are required to achieve 
mammalian fertilization. In addition, the con-
sequences of semen processing, e.g. for semen 
storage or for flow cytometry sorting, for 
sperm integrity and its fertilization capacity 
are discussed.

Sperm Ergonomics

In the last moments of spermatogenesis, 
sperm cells are released from the Sertoli cells 
and from the syncytia of synchronously 
formed spermatids into the lumen of the 
seminiferous tubules. The released sperm 
cells are starting a complex and lengthy 
process, which should bring them eventu-
ally to the cumulus oocyte complexes in the 
oviducts of the female. During the transit 
through the male and female reproductive 
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tracts, alterations of spermatozoal metabol-
ism, motility and surface properties occur 
that allow the sperm to properly interact with 
the extracellular vestments of the oocyte and 
to eventually bind to and fuse with the oocyte. 
After fertilization, the sperm cell also provides 
a trigger to the oocyte to prevent polyspermic 
fertilization. Some of the ergonomics of a typ-
ical mammalian sperm cell are already appar-
ent at the moment they are released in the 
testis. Typically, spermatozoa consist of a 
head, a midpiece and a tail (for details on 
sperm structure, see Eddy and O’Brien, 1994)

The sperm head

Within the sperm head, two large intracellu-
lar compartments can be distinguished: the 
acrosome and the nucleus. The latter contains 
the male haploid genome, which is highly 
condensed, with protamines having replaced 
histones almost completely during spermato-
genesis (for a review see Dadoune, 2003). This 
results in the chromatin being approximately 
10× more compact than somatic cell chromatin, 
so the proportions of the sperm head are 
minimized. Moreover, as a haploid cell, 
the sperm contains only half the comple-
ment of DNA of somatic cells. However, the 
dimensions of the nucleus as seen under a 
microscope can be misleading: the somatic 
nucleus is round and ball shaped, while the 
sperm nucleus of farm animals and equines 
is extremely flattened (oval and pancake 
shaped). Furthermore, the extremely com-
pacted DNA is less vulnerable to enzymes 
(apoptotic related), toxins or oxidant-mediated 
damage. The nucleus is then ‘protected’ and 
compact, both of which are requirements for 
the optimal transport of the spermatozoa.

The acrosome is located at the apical 
edge of the sperm head, while the flagellum 
develops at the distal part of the sperm head. 
The acrosome is a cap-shaped organelle with 
an acidic pH and is filled with hydrolytic, 
glycosidic and proteolytic enzymes (Moreno 
and Alvarado, 2006). These enzymes are con-
densed into the so-called acrosomal matrix in 
the lumen of this organelle. The contents of the 
acrosome are enclosed by one continuous 

membrane, although the part directly overly-
ing the nuclear envelope is referred to as the 
inner acrosomal membrane, while the part 
associated with the sperm plasma membrane 
is referred to as the outer acrosomal mem-
brane. After the acrosome reaction, the con-
tents of the acrosome are involved in sperm 
binding to the zona pellucida of the oocyte and 
its penetration (Gadella and Evans, 2011), and 
possibly sperm–cumulus association as well 
(Sun et al., 2011); the acrosome contents may 
also contain factors involved in sperm–oocyte 
binding and fusion (Sachdev et al., 2012).

The sperm midpiece

The sperm midpiece is connected by a con-
nective element to the sperm head and con-
tains a battery of less than 100 mitochondria 
that are coiled around the flagellum and elong-
ate further down the tail (Bahr and Engler, 
1970). It is in the mitochondria of the mid-
piece that aerobic metabolism occurs (the 
head and tail are devoid of mitochondria). 
The ATP produced probably serves to pro-
vide the energy for the motility machinery 
and for housekeeping processes through the 
sperm membrane. The constantly changing 
environments of the spermatozoa discussed 
later in this chapter probably result in adap-
tive ionic and metabolic processes that are 
important for maintenance of the intracellu-
lar milieu (Shivaji et al., 2009; Ramió-Lluch
et al., 2011).

The sperm tail

The tail is the mitochondria-free distal part 
of the flagellum. This part of the flagellum 
allows sperm movement. The microtubules 
of the sperm tail effectively slide over each 
other, resulting in bending of the tail. 
Microtubule sliding is an ATP-consuming 
process, fed by ATP produced either in the 
midpiece (aerobically) and/or in the tail itself 
by glycolysis. The central flagellum is sur-
rounded by a fibrous sheath, in which there 
is high-capacity glycolytic machinery. This 
sheath provides the tail elastic properties, 
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which are required for the forward-propelling 
properties of the sperm tail (for a review 
see Eddy, 2007).

Other ergonomic aspects of sperm

The sperm head, midpiece and tail have 
their own specializations and ergonomic 
adaptations that allow the cell to optimally 
reach and fertilize the oocyte. One aspect of 
this is that sperm cells have lost various 
somatic cell processes and organelles. For 
example, during spermiation, the sperm 
cell loses its capacity for transcription and 
translation (Boerke et al., 2007). Once the 
remaining and specialized organelles are 
organized as mentioned above, sperm cells 
also completely lose membrane transport 
capabilities via vesicles, e.g. they have no 
endocytosis, exocytosis or inter-organelle 
transport. A number of other ‘typical’ cellu-
lar components are also absent, including 
ribosomes (no translation), Golgi complexes, 
endoplasmic reticulum, peroxisomes and 
lipid droplets. Sperm cells only contain a 
minimal amount of cytosol as well (for a 
review see Eddy and O’Brien 1994). All these 
features are in fact signs of the minimaliza-
tion of sperm volume and size, and provide 
evidence that the cell is terminally differenti-
ated and prepared for only one last task, 
namely the fertilization of the oocyte. After 
spermiation, the sperm cell in the testis is 
not competent to fertilize the oocyte, but it 
already shares all of these ergonomic fea-
tures with the activated sperm in the ovi-
duct, which has at that point become 
competent to fertilize the oocyte. In the tes-
tis, the sperm cell is not motile, nor does it 
have the appropriate surface organization or 
proteins to recognize the cumulus–oocyte 
complex (Boerke et al., 2008). The sperm cell 
must undergo a series of posttranslational 
and environmental modifications that will 
result in its ability to undergo the fertiliza-
tion tasks. The current understanding of the 
post-testicular sperm remodelling will be 
reviewed here, and suggestions made for 
future research efforts to fill the gaps in our 
current knowledge.

The Sperm Surface

This section focuses on the domained struc-
ture of the sperm surface and discusses its 
importance for fertilization. Functionally, the 
sperm head surface can be divided into three 
regions: apical, equatorial and post-acrosomal.

The apical area of the sperm head is 
involved in sperm–zona recognition (primary 
zona binding) and consequently exclusively 
contains the primary zona-binding proteins 
that are recruited to this apical surface area 
only shortly before binding takes place (in the 
oviduct or in in vitro fertilization (IVF) media) 
(van Gestel et al., 2005, 2007). The series of 
events that are induced after sperm–zona 
binding are depicted in Plate 3.

After the sperm has bound to the zona 
pellucida, the acrosome reaction occurs and 
results in the exposure of the acrosomal enzy-
matic matrix to the zona pellucida (the sec-
ondary zona-binding proteins). At this stage, 
zona binding also results in zona digestion. 
To ensure maximal exposure of the enzymatic 
matrix to the zona pellucida, simultaneous 
multi-point membrane fusion occurs between 
the outer acrosomal membrane and the 
plasma membrane. This causes the formation 
and release from the sperm cell proper of 
hybrid vesicles of these two membranes. The 
resulting hybrid vesicles are sometimes 
referred to as the ‘acrosomal shroud’. Only 
two-thirds of the apical side of the outer acro-
somal membrane is involved in this very 
characteristic fusion process (Tsai et al., 2012). 
It is of note that it has recently been estab-
lished that boar sperm capacitation involves 
the docking of the sperm acrosome to the sperm 
surface (Tsai et al., 2010) and that the initiation 
of the acrosome reaction may be earlier than 
at zona binding, at least in the mouse (Jin et al.,
2011; Sun et al., 2011).

The remaining unfused part of the sperm 
surface and the outer acrosomal membrane 
forms the so-called ‘equatorial segment’. In 
this area, the plasma membrane has become 
continuous with the one-third section of the 
outer acrosomal membrane, which was 
already continuous with the inner acrosomal 
membrane (Tsai et al., 2010). This continuous 
membrane structure takes over the surface 
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function of the released apical plasma mem-
brane, thereby ensuring the maintenance of 
an intact intracellular milieu. The resulting 
equatorial segment has recruited a specific 
machinery of proteins that will be involved in 
sperm–oolemma binding and fertilization 
fusion. In part, these proteins originate from 
the acrosomal membrane (Ito et al., 2010; for a 
review see also Gadella and Evans, 2011).

Thus, the sperm head surface contains at 
least three functional domains involved in 
gamete interaction: one involved in zona rec-
ognition (apical area), one in the acrosomal 
fusions (the apical and pre-equatorial area) 
and one in the fertilization fusion (the equatorial 
segment). The function of the post-acrosomal 
region of the sperm plasma membrane dur-
ing the process of fertilization is not known. 
In the testicular sperm cell, many of the com-
ponents required for fertilization are not 
present and need to be recruited from the 
post-testicular environments (van Gestel et al.,
2007; Leahy and Gadella, 2011; Caballero 
et al., 2012). Once attached to the sperm sur-
face, these components also need to concen-
trate at their specific surface areas in order to 
give each domain its specific tasks (van Gestel 
et al., 2005; Zitranski et al., 2010; Watanabe 
and Kondoh, 2011). Also, the midpiece and 
tail have a dynamic domained structure, 
and probably modifications thereof, that are 
related to sperm motility characteristics. Tes-
ticular sperm cells are immotile, whereas ejacu-
lated sperm have gained straight-forward 
movement, following their maturation in 
the epididymes. The sperm will obtain full 
hyperactivated motility characteristics after 
capacitation in the oviduct (Suarez and Pacey, 
2006; Suarez, 2008).

These dynamic, changing sperm features 
are accomplished gradually through the influ-
ence of the constantly changing extracellular 
environment encountered en route to fertiliza-
tion. In the next section, these processes will 
be followed at the level of the sperm surface. 
Of considerable cell biological and membrane 
biochemical interest is the question as to how 
the domained structure of the sperm surface 
and its dynamic reordering (Gadella et al.,
1995) are accomplished. A number of possible 
dynamic alterations in the sperm plasma 
membrane and interacting components of the 

cytoskeleton and the extracellular matrix may 
be involved (Fig. 4.1).

General Mechanisms of Sperm 
Surface Modification by the 
Extracellular Environment

The actual membrane phenomena underly-
ing plasma membrane domain dynamics at 
the sperm surface are of interest and may add 
to the understanding of how and why certain 
treatments in sperm handling, storage and 
IVF are good or bad. A hypothetical scheme 
of possible interactions between the sperm 
surface and the components of the male or 
female genital tract is depicted in Fig. 4.2, 
and the five relevant processes shown in this 
figure are described below.

From the various epithelia of the male and 
female genital tract, blebbing cytosol-filled ves-
icles are released into the genital fluids and 
then interact and exchange surface compo-
nents with sperm (see process 1 in Fig. 4.2). It is 
unlikely that these vesicles fuse with the sperm, 
as this would dramatically increase sperm vol-
ume (which has already been reduced max-
imally in order to obtain an ergonomically 
designed cell optimally suited for fertilization). 
Blebbing of vesicles has been demonstrated in 
the epididymal duct and in the epithelia of the 
vesicular gland and the prostate of the boar 
(Tsai and Gadella, 2009). The function of the 
blebbed vesicles is largely unknown, although 
hypothetically they may exchange compo-
nents with the sperm surface and/or modu-
late the repressive activity of white blood cells.

Serum components are released into the 
genital fluids by transcytosis (Cooper et al.,
1988; see process 2a in Fig. 4.2). Lipoprotein 
particles may invade the surroundings of the 
sperm and facilitate exchange at the sperm 
surface. Fluid-phase secretion and adsorption 
alter the extracellular matrix (ECM) of sperm 
by a variety of sticking molecules and enzymes 
that cause posttranslational modifications of 
ECM molecules (process 2b in Fig. 4.2).

Apocrine secretion of exosomes may be 
involved in altering the sperm surface and 
function as well. Exosomes are secreted by 
the epididymis (epididymosomes), by the 
prostate (prostasomes) and by the uterus 
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(uterosomes) (Gatti et al., 2005; Griffiths et al.,
2008; Thimon et al., 2008) (process 3 in 
Fig. 4.2). Further, exosomes may provide 
sperm with tetraspanins, a group of mem-
brane proteins involved in the tethering of 
proteins into protein complexes. The addition 
of CD9 (an exosome marker) originating from 
the oocytes on to the sperm surface by mem-
brane particles occurs even when sperm 
reach the perivitelline space (Barraud-Lange

et al., 2007a,b), although the function of exo-
somes in fertilization fusion is unclear (Miyado 
et al., 2008; Barraud-Lange et al., 2012).

A change in the sperm’s surface properties 
may alternatively be elicited by sperm inter-
actions with ciliated epithelial cells in the 
epididymis, uterus and oviduct (Zhang and 
Martin-Deleon, 2003; Gatti et al., 2004; Sostaric 
et al., 2008) (process 4 in Fig. 4.2). The interaction 
at the level of the epididymal epithelia guides 

Lipid raft clustering
(or solubilization?)

Dissociation ECM
(and/or recoating?)

Dissociation of cytoskeleton
(or reorganization?)

Scrambling-driven active
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sterol-accepting agent)

(b)

+- +-
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+-

Cytoskeleton
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Fig. 4.1. Current models for lateral polarity dynamics upon sperm capacitation. (a) GPI 
(glycosylphosphatidylinositol)-anchored peripheral membrane proteins can induce the formation of lipid 
ordered micro-domains in the membrane that exclude freely diffusible transmembrane proteins. 
GPI-anchored proteins may be recruited from the fluid-phase membrane area or from lipoprotein particles 
and exosomes that surround the migrating sperm. The raft area is presumably enriched in saturated 
phospholipids, cholesterol gangliosides and sphingomyelin. (b) The extracellular matrix (ECM) surrounding 
the sperm is heterogeneous, so the ECM may assist in the creation of membrane domains via electrostatic 
interactions with glycolipids or with membrane proteins. Disruption or reordering of the sperm’s ECM as it 
travels from the testis towards the isthmus of the oviduct where it fertilizes the egg might allow redistribution 
of lipids and membrane proteins. (c) A similar scenario to that described for (b) may be valid for the 
heterogeneous organization of the sperm cytoskeleton. (d) Processes (a–c) may result from an increase 
in disordered lipid packing in the sperm plasma membrane that allows cholesterol efflux. (Modified from 
Flesch and Gadella, 2000, and Gadella, 2008.)



62 B.M. Gadella

the sperm through a maturation process during 
which a continuous modification of the sperm 
surface takes place, and by which the sperm 
cells obtain their motility characteristics and the 
removal of their redundant cytoplasmic drop-
lets. The interaction with the oviduct has a 
physiological role in in situ capacitation, but this 
is not understood at the molecular level (Chang 
and Suarez, 2012). The importance of sperm 
interactions with other ciliated epithelial cells of 
the female and male genital tract is also not 
fully understood, but could be crucial for sperm 
surface remodelling and sperm function.

When sperm enter the uterus they, 
together with seminal plasma components, 
evoke an immunological response (process 5 
in Fig. 4.2) (Schuberth et al., 2008). For instance, 
leucocytes will infiltrate into the uterine fluid 
(Taylor et al., 2008) and affect the surface of 
sperm. This probably serves to cleanse the 
uterus of degenerated sperm and to prevent 
an inflammatory response in it (Woelders 
and Matthijs, 2001). The sperm involved in 

fertilization colonize the lower parts of the ovi-
duct, where no leucocyte infiltration takes place.

Sperm Surface Modification in 
the Male Genital Tract

As discussed above, the domained surface of 
sperm is already apparent in spermatids in 
the seminiferous tubules of the testis before 
spermiation (Eddy and O’Brien, 1994). The 
molecular dynamics involved in the estab-
lishment of surface specialization upon sperm-
atogenesis is largely unknown. Generally, 
it is clear that the polar organization of 
the extracellular matrix components of the 
cytoskeleton and the sperm cell organelles 
are involved in its domained and hetero-
geneous surface (Plate 3). As already noted, 
in mature sperm cells, the amount of cytosol 
is minimal and, indeed, the observed surface 
domains mirror the organelle organization 
located just under the sperm surface: at the 

Fluid/mucosa
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Fig. 4.2. Hypothetical scheme of possible male and female genital tract surroundings with the sperm 
surface. Details are provided in the text. (1) Membrane blebbing. (2a) Transcytosis of fluid/mucosa 
components from the circulation into the luminal fluid. (2b) Fluid phase secretion and or adsorption of 
either fluid or mucosa components into or from the luminal fluid. (3) Apocrine secretion of exosomes into 
the luminal fluid. (4) Sperm binding to ciliated cells, which form the epithelial lining of the luminal fluid 
compartment. (5) Interaction with immunological active cells such as leucocytes.
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apical area, the acrosome, the post-acrosomal 
area, the nuclear envelope, the midpiece sur-
face covering the mitochondria and, in the 
tail, at the surface covering the fibrous sheath.

Moreover, once liberated in the lumen of 
the seminiferous tubules, the sperm cells will 
start their travel through the male and female 
genital tracts and will meet a sequence of dif-
ferent environments. During this voyage, sur-
face remodelling takes place, most likely at 
many sites in the two genital tracts: (i) upon 
somatic maturation in the epididymis (Gatti 
et al., 2004; Dacheux et al., 2005); and (ii) by 
recoating and decoating events induced by 
the accessory fluids added at ejaculation, 
which probably stabilize the sperm for their 
further journey in the female genital tract 
(Gwathmey et al., 2006; Girouard et al., 2008). 
These changing environments may cause 
sperm surface remodelling and thus may 
influence their potential to fertilize the oocyte.

After release from the Sertoli cells into the 
lumen of seminiferous tubules, sperm cells 
are equipped with a number of proteins that 
are reported to be involved in zona binding. 
At its surface, the sperm has transmembrane 
proteins belonging to the ADAMs family. 
These were initially thought to be involved 
in the fertilization process, but are now 
reported to be involved in sperm–zona bind-
ing. ADAM-2, also known as fertilin b, has 
such a function in boar sperm (van Gestel 
et al., 2007). Other testicular sperm proteins, 
e.g. sperm lysosomal-like protein (SLLP1; 
Herrero et al., 2005), and sperm acrosomal 
membrane proteins (SAMP14 and 32; Vjugina 
and Evans, 2008) and Sp56 (Buffone et al.,
2008), are involved in secondary zona bind-
ing, as they are localized in the acrosome and 
only become exposed to the zona pellucida 
after the induction of the acrosome reaction.

Some secretory proteins, e.g. CRISP 
(cysteine-rich secretory proteins), are also 
involved in sperm–zona adhesion, sperm–
oolemma binding or fertilization fusion 
(Busso et al., 2007a; Cohen et al., 2007; Da Ros 
et al., 2007). CRISP2 is from testicular origin, 
while CRISP1 and CRISP4 originate from the 
epididymis (Busso et al., 2007b). The exact 
mechanism of CRISP’s association with the 
sperm surface is not yet known, although 
CRISP1 is one of the abundant proteins 

in epididymosomes (Thimon et al., 2008). 
Epididymosomes are also reported to influ-
ence the lipid composition of the sperm sur-
face (Rejraji et al., 2006). Other proteins that 
have been shown to be added to the sperm 
surface in the epididymis are SED1 (or P47). 
These proteins are known to have a role in ovi-
duct and zona binding (Shur et al., 2006; Nixon 
et al., 2011). Angiotensin converting enzyme 
(ACE), which becomes glycosylphosphati-
dylinositol (GPI) – anchored to the sperm sur-
face upon epidiymal maturation, is involved 
in the proper orienting of ADAM proteins 
(Yamaguchi et al., 2006; Nixon et al., 2011).

During sperm capacitation, phospholip-
ases and ACE serve to remove a proportion 
of GPI-anchored proteins and are believed to 
play a role in the remodelling of lipid rafts 
(Kondoh et al., 2005; Inoue et al., 2010; 
Watanabe and Kondoh, 2011). The addition of 
GPI-anchored proteins has been reported to 
occur in the epididymis where the sperm 
adhesion molecule SPAM-1 is secreted by the 
epithelial cells into the luminal fluid and later 
associates with the sperm surface (Zhang and 
Martin-Deleon, 2003). Likewise, in the pig, the 
spermadhesin AQN-3 and carbonyl reductase 
are added to the sperm surface (van Gestel 
et al., 2007). Inhibition of hamster carbonyl 
reductase activity results in a decreased affin-
ity for the zona pellucida, while the sperm 
remain motile and intact (Montfort et al.,
2002). Even under very stringent detergent 
conditions, AQN-3 is still able to bind to the 
zona pellucida (van Gestel et al., 2007).

Data derived by proteomics has been use-
ful for the identification of proteins that do not 
have a direct function in sperm–zona binding 
but are associated with the zona binding pro-
tein complex formed at the sperm surface 
(van Gestel et al., 2007; Gadella, 2008). Some of 
these proteins (such as protein phosphatases) 
are involved in sperm signalling processes, 
while others are involved in the mainten-
ance of the redox balance (peroxiredoxin 5) 
(see Gadella et al., 2008). The latter include a 
potassium channel, which might induce 
membrane hyperpolarization by K+ efflux. 
This hyperpolarization may, in turn, open 
voltage-dependent Ca2+ channels that enable 
Ca2+-dependent processes in the capacitating 
sperm (Tsai and Gadella, 2009). An interesting 
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observation has been that the major zona bind-
ing proteins listed above tend to aggregate in 
capacitating sperm (under IVF conditions) at 
the surface area that is involved in zona bind-
ing (van Gestel et al., 2005, 2007), and this 
coincides with the attraction of soluble 
N-ethylmaleimide-sensitive factor attachment 
protein receptors (SNAREs) involved in the 

acrosome reaction (Tsai et al., 2007, 2010, 2012). 
The fact that both outer acrosomal SNAREs 
and plasma membrane SNAREs are concen-
trated at the apical ridge area of the sperm 
head after capacitation has led to the assump-
tion that the lipid-ordered membrane aggrega-
tion is a preparative step for the acrosome 
reaction (as proposed in Fig. 4.3).
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Fig. 4.3. Putative formation of a multiple zona binding and acrosomal docking protein complex in 
capacitating porcine sperm. (a) A hypothetical model of a sperm zona pellucida-binding complex 
formed during sperm capacitation by raft-induced protein clustering. This results in a multifunctional 
protein complex that plays a role in the diverse processes leading to fertilization. SNARE, soluble 
N-ethylmaleimide-sensitive factor attachment protein receptor; for further explanation see text. Scheme 
based on biochemical and proteomic investigations on epididymal and ejaculated sperm before and after 
in vitro fertilization (IVF) incubations (no sperm surface remodelling by the female genital tract in situ is 
taken into account). (b) Depicts the diverse membrane domains of the sperm head (ApR, apical ridge; EqS, 
equatorial segment; PreEq, pre-equatorial domain). (c) Depicts a surface view of the sperm head that has 
initiated the acrosome reaction and in which the ApR and PreEq domains are forming mixed vesicles (MV) 
with the outer acrosomal membrane. (d) Depicts how in capacitated sperm the plasma membrane and 
outer acrosomal membrane are positioned with SNARE docking into a transmembrane trimeric protein 
complex of syntaxin 1B, SNAP 23 and VAMP 3; note that the acrosome remains intact. After binding of 
the zona pellucida (ZP), a concomitant rise in cytosolic Ca2+ allows the multiple membrane fusions involved in 
the acrosome reaction that are exclusive for the anterior part of the sperm head surface (see Tsai et al., 2012). 
The cis-SNARE membrane complex transition allows these membrane fusions.
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For an extensive overview of sperm–
zona binding in ruminants, see Gadella (2010). 
The identified zona interacting protein com-
plex thus is not only involved in sperm-zona
binding but may link this event with prepara-
tive steps for the acrosome reaction. In fact, 
we recently provided evidence that capacita-
tion led to docking of the sperm plasma 
membrane and the outer acrosomal mem-
brane, and that this is exclusive for the area 
later involved in the acrosome reaction (Tsai 
et al., 2010). The stably docked acrosome 
needs an increase in intracellular Ca2+ to 
allow the conformational change of SNARE 
proteins to subsequently allow the multiple 
fusions between the apical plasma mem-
brane and the outer acrosomal membrane 
(Tsai et al., 2012). The author and co-workers
have also shown that the docked trans-
SNARE complex that is formed is stabilized 
by complexin, and that a Ca2+-dependent
removal alters interactions between the 
plasma membrane and the outer acrosomal 
membrane SNARE proteins (Tsai et al., 2012). 
This allows the formation of a new SNARE 
complex that induces the acrosome reaction 
after a conformational shift from trans- to 
cis-SNARE complexes, which cause the acro-
somal fusion. A number of proteins are asso-
ciated with this multimeric protein complex, 
which is involved in zona binding and acro-
somal fusions. It is likely that recruitment of 
these components together in the apical ridge 
area of the sperm head is instrumental for the 
future fertilization tasks of this specific sperm 
surface.

In the laboratory, Gadella et al. only iden-
tified the major zona binding proteins of the 
sperm plasma membrane, but did not attempt 
to identify minor proteins or hidden proteins 
(covered on 2-D IEF-SDS-PAGE gels by the 
glycosylated zona proteins). Therefore, the 
possibility cannot be eliminated that some of 
the sperm surface proteins involved in 
sperm–zona interactions have not been iden-
tified. As no proteins originating from any of 
the accessory male sex glands were identi-
fied, it cannot be concluded that secretions 
from these glands do not also play a role in 
sperm surface modification during ejacula-
tion. For instance, the possibility that prosta-
somes, uterosomes and exosomes originating 

from the oviduct, or even from the oocyte, 
could fuse with sperm (Burden et al., 2006; 
Griffiths et al., 2008; Barraud-Lange et al.,
2012) is interesting but needs to be experi-
mentally validated. Another option is that 
such micro-vesicles exchange components 
with the sperm surface. It is not clear whether 
such interactions stabilize the sperm surface 
and provide decapacitation factors or, alter-
natively, induce capacitation and destabilize 
the sperm surface. Both possibilities are 
described in the literature (for a review, see 
Tsai and Gadella, 2009). At any rate, to date, 
no prostate-derived proteins involved in 
sperm–zona interaction have been described, 
although prostatic fluids are known to have 
an influence on sperm surface organization 
and protein composition (Russell et al., 1984).

Sperm Surface Modification in 
the Female Genital Tract

Far less is known about the contributions of 
the female genital tract to the zona binding 
properties of sperm. Sperm reside for hours 
to days in the cervix, uterus and, eventually, 
the isthmus of the oviduct (time and site of 
deposition is species dependent). Although 
there are no data concerning the role of the 
cervical epithelia and secretory products on 
sperm modifications, it is well established 
that a reduced number of sperm can be 
inseminated when deposition is deeper in 
the cervix or directly into the uterine body 
(Roberts and Bilkei, 2005; Behan and Watson, 
2006). Moreover, a very low dose of sperm 
can be used for deep intrauterine insemina-
tion (for reviews, see Vazquez et al., 2005, 
2008). Some studies indicate that, after 
sperm deposition in the female genital tract, 
a removal of an extracellular glycoprotein 
coating (release of decapacitation factors) 
and further remodelling by cervical, uterine 
and oviduct secretions is involved in the 
activation of sperm so that they are capable 
of penetrating the oocyte (in vivo capacita-
tion) (Suarez and Pacey, 2006; Rodriguez-
Martinez, 2007).

Sperm also interact with cumulus cells and 
remaining follicular fluid components. The fol-
licular fluid and cumulus cells impregnate 
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the zona pellucida with secretory components 
and may also influence sperm behaviour 
with cumulus-free oocytes (Getpook and 
Wirotkarun, 2007; Gil et al., 2008). Even the 
perivitelline space, i.e. the space between the 
zona pellucida and the oolemma, is filled 
with components that may influence sperm–
oolemma interactions (Barraud-Lange et al.,
2007a,b). In an ex vivo study, binding of sperm 
to the uterine epithelium was established. This 
binding was carbohydrate dependent, as shown 
by studies with a lectin competition binding 
assay using uterine segments (Taylor et al., 2008).

However, the proteins involved in this 
binding are not yet identified, nor is it clear 
whether this binding is selective and is thus 
reducing the numbers of sperm capable of 
migrating deeper into the uterus. Another 
possibility is that the binding allows modifi-
cations of the sperm surface that are impor-
tant in processes leading to fertilization. The 
composition of uterine fluid and its effects on 
the sperm surface or sperm functioning are 
topics that have been almost completely 
neglected by researchers. The only study of 
the effects of porcine uterine fluids on sperm 
reports lipid modifications in sperm mem-
branes (Evans et al., 1987). Porcine sperm con-
tain non-genomic progesterone receptors at 
the plasma membrane (Jang and Yi, 2005). 
Most likely, hormone binding at the sperm 
surface is part of the in vivo sperm capacita-
tion process. The uterine fluids of mice have 
been shown to contain exosomes, and these 
particles (uterosomes) contain SPAM-1 and 
other GPI-linked proteins that can be 
exchanged with caudal epididymal sperm 
(Griffiths et al., 2008). It is possible that this 
exchange functionally improves the capacity 
of sperm to fertilize the oocyte.

An immunological response is elicited 
when sperm enter the uterus (Schuberth et al.,
2008). This response can be observed by a 
migration of leucocytes (predominantly poly-
morphonuclear neutrophils) into the uterine 
fluid (Taylor et al., 2008). It is not clear whether 
this infiltration will effect sperm that later 
enter the oviducts, although leucocytes 
clearly reduce (by phagocytosis) the amount 
of sperm that enter the oviducts (Woelders 
and Matthijs, 2001). It is also uncertain whether 
phagocytosis is selective (for aberrant sperm) 

or whether it only non-selectively depletes the 
amount of sperm that migrate further to the 
oviduct. As already noted, the oviducts are 
free of leucocytes and are the site where sperm 
are finally capacitated in vivo in order to ferti-
lize the oocyte (Suarez, 2008).

A number of studies have shown that 
fluids from the oviduct stimulate sperm 
capacitation and induce hyperactivated 
sperm motility. One of the factors involved 
in this sperm activation is bicarbonate, which 
is commonly used during IVF (Rodriguez-
Martinez, 2007). Oviduct-specific glycopro-
teins (OSG) as well as osteopontin have been 
shown to support fertilization in the cow and 
are secreted by the oviduct (Killian, 2004). 
A sperm-binding glycoprotein from the ovi-
ductal fluid has been shown to induce porcine 
sperm capacitation (Teijeiro et al., 2008). The 
lower part of the oviduct is now considered 
to function as the sperm activation site, mak-
ing sperm capable of meeting and fertilizing 
the oocyte (Suarez, 2008). In the isthmus, 
small numbers of sperm are bound, become 
capacitated, and are then released after ovula-
tion, thereby enabling them to migrate to the 
upper part of the oviduct (the ampulla) and 
to fertilize the passing oocyte(s) (for a review 
see Suarez, 2008).

The binding and release of sperm to and 
from the oviduct has recently been shown to 
be a more complex mechanism than that 
detailed above (Chang and Suarez, 2012). 
What has become clear from bovine studies is 
that the oviductal epithelia and fluids contain 
sperm-binding factors as well as sperm-
releasing factors that cause sperm adhesion 
and release in the correct time sequence 
around the time of ovulation (Sostaric et al.,
2008). Most likely, spermadhesins, such as 
AQN-1, are involved in the formation of the 
oviductal sperm reservoir, as they are involved 
in sperm binding to this specific epithelium 
(Ekhlasi-Hundrieser et al., 2005). Note that 
spermadhesins are added to the sperm during 
the epididymal sperm maturation phase and/
or at ejaculation (Song et al., 2010).

Oviduct-specific glycoproteins have 
been shown to modulate sperm–zona pellu-
cida interaction and to control the polysper-
mic fertilization rates in pigs (Hao et al.,
2006; Coy et al., 2008; Avilés et al., 2010). 
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These authors have also pointed out that 
polyspermy, which is a well-recognized prob-
lem in pig IVF, can be prevented by the addi-
tion of oviductal fluid components to the IVF 
media. Oviductal fluid has also been shown 
to support the early embryonic development 
of fertilized pig oocytes (Hao et al., 2008; 
Lloyd et al., 2009). Other oviductal secretory 
products, e.g. catalases, may protect sperm 
from peroxidation damage, as has been dem-
onstrated in the cow (Lapointe et al., 1998). 
Oviduct epithelial annexins have been sug-
gested to immobilize bovine sperm by bind-
ing bovine sperm proteins (BSP; Ignotz et al.,
2007). Annexin A2 has also been implicated to 
be involved in sperm–oviduct binding in the 
sow (Teijero et al., 2009). In the bovine, this 
interaction is reversed by oviductal fluid fac-
tors, such as catalase (Lapointe and Sirard, 
1998). The interplay of various glycoproteins 
at the surface of sperm and oviduct epithelia 
or in the oviductal fluid, as well as the vary-
ing amounts and composition of glycosi-
dases, probably orchestrate proper sperm 
activation around the time of ovulation in 
the pig (Carrasco et al., 2008, Töpfer-Petersen
et al., 2008).

However, the effect of oviduct and uter-
ine proteins on sperm–zona binding, as well 
as their putative association with the sperm 
surface, is not yet established. Of course, it is 
very possible that secreted products of the 
female tract enhance sperm–zona binding 
and that additional female protein candidates 
may be added to the surface of the zona inter-
acting sperm. Further, the zona pellucida 
itself, in addition to being a binding target, 
may also add proteins to the sperm surface. 
The cumulus cells and the zona pellucida are 
impregnated with follicular fluid, and rem-
nants of this fluid probably remain attached 
to the cumulus oocyte complex. For example, 
different growth factors and extracellular 
matrix components have been considered to 
be involved in interactions of sperm with the 
cumulus oocyte complex (for a review, see 
Einspanier et al., 1999). Sperm that interact 
with these structures may respond to these 
fluid components, in a similar fashion as 
occurs with extracted follicular fluid (hyper-
activated motility; Getpook and Wirotkarun, 
2007; Gil et al., 2008).

Finally, an interesting observation has 
been made that membrane remodelling 
occurs after the acrosome reaction when 
sperm reach the perivitelline space but before 
fertilization fusion. Within the perivitelline 
space, membrane fragments containing CD9 
are added to the sperm surface (Barraud-
Lange et al., 2007a,b). If correct, this observa-
tion clearly demonstrates the ‘feed forward 
principle’ that may exist in mammalian 
reproduction, wherein the oocyte facilitates 
the first sperm coming into the perivitelline 
space to fertilize by adding functional tether-
ing proteins to the surface of the sperm cells. 
It remains to be established though whether 
such a process also enables sperm that enter 
the oviduct to bind to the zona pellucida 
(Barraud-Lange et al., 2012). It may also be 
mentioned that sperm proteins are involved 
in oolemma binding and fertilization fusion 
in the mouse and human (Ellerman et al.,
2006; Vjugina and Evans, 2008; Gadella and 
Evans, 2011), but data for boar, bull and 
equine sperm are absent. A list of sperm pro-
teins involved in mouse sperm–egg interac-
tion is published, but the origin and topology 
of these proteins in and on sperm has not 
been scrutinized (Stein et al., 2006). Moreover, 
because mouse sperm are aspirated from 
epididymes, later post-epididymal sperm 
surface modifications were not considered. 
A number of these proteins were recovered 
in the detergent-resistant membrane (DRM) 
fraction of mouse sperm (Nixon et al., 2009). 
This is similar to the high enrichment of zona 
binding proteins recovered in the DRM frac-
tion of porcine sperm (van Gestel et al., 2005).

Identification of Sperm Proteins 
Involved in the Cascade Leading to 

In Vitro Fertilization

It is very difficult to study the sperm surface 
alterations described above in situ, although 
for many mammalian species, including 
humans, specific sperm handling and incuba-
tion media have been optimized for efficient 
in vitro fertilization purposes. In general, 
mammalian sperm are activated in a medium 
that is similar to oviductal fluid and contains 
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capacitation factors, e.g. high concentrations 
of bicarbonate, free calcium ions and lipo-
proteins (albumin) (Flesch and Gadella, 
2000). In some species, specific glycoconju-
gates (Mahmoud and Parrish, 1996) or phos-
phodiesterase inhibitors are included in vitro
for additional sperm activation (Barkay et al.,
1984). All strategies are designed to evoke 
capacitation in vitro. This implies that the 
researcher can evaluate the relevant induced 
sperm surface reorganization under in vitro
fertilization conditions.

Sperm membrane composition, as well 
as the ordering of membrane components, 
can be compared with that found under con-
trol conditions (media without the capacita-
tion factors) or with the membrane ordering 
of newly collected sperm. Collected sperm is 
washed through a discontinuous density gra-
dient to remove aberrant sperm and non-
sperm particles, seminal plasma and factors 
delaying sperm capacitation (Harrison et al.,
1996). The pelleted cells are resuspended in 
in vitro capacitation media. The surface 
reordering of membrane proteins and lipids in 
the sperm head have been studied extensively 
under these in vitro capacitation conditions 
(for reviews, see Flesch and Gadella, 2000; 
Gadella and Visconti, 2006). Most relevant for 
fertilization is that sperm surface proteins 
that are entrapped into small lipid-ordered 
domains (lipid rafts) are clustered into the 
area that is specifically involved in sperm–
zona binding (van Gestel et al., 2005) as well as 
in the docking of the sperm plasma membrane 
to the outer acrosomal membrane.

It is important to stress the importance of 
the sperm surface reordering and changes in 
composition of membrane components by 
diverse extracellular factors. The induced lat-
eral redistribution of membrane components 
appears also to be instrumental in the assem-
bly of a functional sperm protein complex that 
is involved in sperm–zona binding, as well as 
for the zona induction of the acrosome reac-
tion (Fig. 4.3; van Gestel et al., 2005, 2007; Tsai 
et al., 2007, 2010, 2012; Ackermann et al., 2008; 
Zitranski et al., 2010). Therefore, in addition to 
the composition of sperm surface proteins, 
one needs to study how these proteins are 
organized and whether they are functional 
for their physiological role in fertilization. 

Moreover, the relatively simple defined 
in vitro capacitation system described above 
probably does not provide all the information 
about sperm surface reorganization in utero
or in the oviducts, where hormones and other 
bioactive non-protein components probably 
regulate sperm physiology in different ways. 
Nevertheless, a number of proteins involved 
in zona binding and sperm plasma mem-
brane docking with the acrosome have been 
identified using in vitro capacitated pig sperm 
(see van Gestel et al., 2007; Tsai et al., 2012).

It is surprising that similar approaches 
have not been performed using bull or stal-
lion sperm, where proteomic research has 
focused on identifying markers for predicting 
male fertility (Peddinti et al., 2008; D’Amours 
et al., 2010; Novak et al., 2010) rather than 
on the identification of proteins functionally 
involved in gamete interaction and fertili-
zation. None the less, members of the CRISP 
protein family functionally known to be invol-
ved in oocyte fertilization and/or sperm–zona 
binding have been shown to correlate with 
in vivo stallion fertility (Novak et al., 2010). 
The relative abundance of phosphoethanol 
binding protein or of BSP1 in highly fertile 
bulls has been compared with that of a lower 
fertility group (D’Amours et al., 2010). Also, 
mouse studies utilizing zona pellucida ghosts 
and purified apical plasma membranes are 
lacking, although functional proteomic stud-
ies for sperm–egg interaction and DRM frac-
tions have resulted in the identification of 
functional proteins (Stein et al., 2006; Nixon 
et al., 2009). The results of similar studies 
using human sperm have recently been pub-
lished (Nixon et al., 2011). In similar studies, 
Redgrove et al. (2011) used human sperm to 
identify the composition of multimeric pro-
tein complexes involved in capacitation-
dependent zona affinity.

Sperm Handling

As is mentioned above, sperm interact with 
their immediate environment and thus are 
subject to a continuous surface remodelling. 
However, in assisted reproductive technolo-
gies, the processing of sperm may well frus-
trate these processes. In principle, sperm 
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handling may alter the sperm surface by dilu-
tion and shearing forces that may cause the 
removal of extracellular matrix components, 
such as decapacitation factors. Dilution may 
also alter the antioxidant capacity of seminal 
plasma, thereby leaving the sperm more vul-
nerable to oxidative stress. The handling 
involved in cryostorage and flow cytometric 
sorting notoriously reduces the integrity of 
sperm and their fertilizing capacity. These 
processes lead to reduced pregnancy rates 
and a loss of production of offspring. In gen-
eral, the industry has focused on establishing 
methods to stabilize sperm during storage or 
sorting. These attempts have been successful 
in achieving maximum sperm survival, 
although as reviewed extensively elsewhere 
(Leahy and Gadella, 2011), it is questionable 
whether the maximal stabilization of sperm is 
beneficial for its post-handling fertilization 
competence. The capacitating sperm faces a 
series of destabilizing events that may be irre-
versibly inhibited by these strategies for opti-
mizing sperm survival. Further understanding 
of sperm surface changes under physiological 
conditions may lead to improved strategies 
for sperm storage or sorting.

Conclusions

The continuous sperm surface remodelling 
that occurs during sperm transit from the 
rete testis to the oviducts, and possibly even 
within the perivitelline space, and the physi-
ological role of these surface kinetics is to a 
large extent terra incognita. The identifica-
tion of different complex proteins systems 
within the male and female genital tract is 
promising, although their role and function 
in events associated with sperm–oocyte 
interactions are still difficult to identify 
(Boerke et al., 2008).

Wild and genotypically knockout mice 
have been studied to validate the function of 
certain proteins purported to play a role in 
sperm–zona binding, the acrosome reaction, 
oolemma binding and sperm fusion with the 
oolema (for reviews, see Vjugina and Evans, 
2008; Gadella and Evans, 2011). Such studies 
have provided valuable information on the 
potential impact of certain proteins involved 

in mammalian fertilization. However, the 
molecular intervention of transcription and 
translation in gametes is hampered by the fact 
that, in sperm, both processes are silenced, 
while in the oocyte, almost all mRNA is 
stored for post-fertilization translation. So it 
is not possible to intervene with the mol-
ecular processes involved in gamete inter-
action and fertilization; intervention should 
rather be in either earlier gametogenic pro-
cesses or in later post-fertilization develop-
ment processes.

An example of this is a mutation in 
spermatogenic cells of the syntaxin 2/epi-
morphin gene. This protein seems to play a 
role in the acrosome reaction (Tsai et al.,
2007), but the mutation caused a defect in 
the transition from spermatocyte to sperm-
atids. Hence, a phenotypic knockout of 
the syntaxin 2 gene cannot be used to study 
the effect of this protein on fertilization, 
simply because the knockout pheno  type 
fails to produce sperm (Akiyama et al.,
2008). Furthermore, in many cases, homolo-
gous genetic recombination applications 
have shown that knocking out the expres-
sion of phenotypic factors that were previ-
ously believed to be essential for fertilization 
were found to be dispensable to this pro-
cess (Okabe and Cummins, 2007). In part, 
this could be explained by the fact that bio-
logical systems contain redundancies and 
compensatory mechanisms, and both pro-
cesses are believed to play a prominent role 
in the evolution of gamete interaction and, 
therefore, in speciation (Herlyn and Zischler, 
2008; Turner and Hoekstra, 2008). Neverthe-
less, the results of genomic approaches 
devoted to studying the molecular mecha-
nisms involved in mammalian fertilization 
may provide support for substantial modifica-
tions of classical/current fertilization mod-
els (Okabe and Cummins, 2007).

The production of knockout husbandry 
pigs is very expensive and time-consuming. 
Gene-specific silencing of protein translation 
is possible with interference RNA technol-
ogy, so the specific role of proteins involved 
in fertilization and in sperm surface kinetics 
can be studied. The big problem though is 
that the treatment of explants and cells 
causes dedifferentiation and results in the 
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alteration of their interaction with sperm 
(Sostaric et al., 2008).

The chapter has shown that after leav-
ing the testis, sperm are subjected to a series 
of events causing continuous sperm surface 
remodelling, and that these events are 
relevant for their final fertilization task 
(Yanagimachi, 1994). The kinetics of the sperm 
surface proteins have also been reviewed. It 
can be noted that difficulties in molecular 
intervention approaches, as well as the diffi-
culties in studying sperm surface remodel-
ling in situ, are now compensated by high 
throughput proteomic technologies that allow 
the identification of proteins in low abun-
dance. In combination with off-gel full 
LC-MS/MS (liquid chromatography–mass 
spectrometry/mass spectrometry) platforms, 
sperm surface isolation and purification tech-
nologies and isobaric tagging strategies for 
peptides (Zieske, 2006; Ernoult et al., 2008), 
it will be possible in the near future – when 
the entire porcine and bovine genome and 
their annotation are available to the public 
(Archibald et al., 2010; Reese et al., 2010) – to 

identify the entire sperm surface proteome 
(Gadella, 2009; Brewis and Gadella, 2010).
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(Shaw and Nakagata, 2002; Mazur et al., 2008); 
(iii) the establishment of semen banks for the 
preservation of regional and national agricul-
tural breeds (Woelders et al., 2006); and (iv) the 
establishment of semen banks for the support 
of conservation breeding programmes (Holt 
et al., 1996; Wildt et al., 1997; Watson and Holt, 
2001; Bartels and Kotze, 2006).

A number of important reviews have 
been written about semen cryopreservation, 
both with focus on a particular species, such 
as sheep (Salamon and Maxwell, 1995a,b), 
humans (Royère et al., 1996), dogs (Pena et al.,
2006) or mice (Marschall and Hrabe de 
Angelis, 1999), and with a more general 
approach (Watson, 1979, 1990; Holt, 2000a,b; 
Bailey et al., 2003). This list is not exhaustive, 
but it is surprising that most of the reviews 
of semen cryopreservation were published 
more than a decade ago; more recent reviews 
include those by Chen and Liu (2007), Curry 
(2007) and Dinnyes et al. (2007). Watson’s 
review in the 1990 edition of Marshall’s 
Physiology of Reproduction (Watson, 1990) is 
particularly interesting for its detailed 
account of the history of semen collection 
and preservation. He recounts some of the 
earliest scientific investigations into semen 
freezing and artificial insemination, which 

Introduction

Following the discovery in the middle of the 
last century that glycerol can be used success-
fully as a cryoprotectant (Polge et al., 1949), 
thus allowing spermatozoa to be stored for 
months, years or decades, many aspects of 
reproductive technology were revolutionized. 
The most obvious results of this revolutionary 
discovery include the massive development of 
selective breeding in agriculture, whereby 
semen from desirable bulls can be frozen, 
stored and shipped within a single country or 
exported around the world, and then used for 
artificial insemination (AI). While the dairy 
industry has been a major global beneficiary of 
this technology, similar benefits have been 
derived for human infertility treatment, for 
which semen from fertile men is banked and 
used for donor insemination programmes both 
at home and abroad. Other applications of 
semen freezing technology have also devel-
oped in a variety of different contexts, includ-
ing: (i) the cryopreservation of genetic resources 
for food fishes (Solar, 2009) and fishes used in 
biomedical research (i.e. zebra fish and 
medaka) (Yang and Tiersch, 2009; Tiersch et al.,
2011); (ii) the storage of mouse, rat and primate 
spermatozoa for biomedical research purposes 
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were documented in the 18th and 19th centuries. 
These include, notably: the observations of 
Lazzaro Spallanzani (1776), an Italian priest, who 
described the first successful AI procedure in 
a dog, and also noted that frog, human and 
stallion semen could be cooled in snow 
and their motility restored by rewarming; 
and Paolo Mantegazza (Mantegazza, 1866), 
who described the effects of temperature 
changes on human sperm motility. Mantegazza 
also forecast correctly that one day in the future 
it would be possible to collect and store 
semen from soldiers who died in battle, so that 
it could be used posthumously to inseminate 
their wives. This procedure has actually 
been used on a few occasions over the last 
20 years, when it has provoked vigorous eth-
ical debates and outright bans in some coun-
tries (for a commentary, see Nakhuda, 2010).

Cryobiological Theory

Physical changes during freezing

A great deal has been written about the general 
theory of cryobiology, especially as the discipline 

involves a diversity of species and taxonomic 
groups that include plants (seeds, meristems, 
etc), bacteria, fungi, as well as a diversity of ani-
mal cells and tissues. The general principles gov-
erning our understanding of cell survival during 
freezing and thawing rely on knowledge of 
water transport through membranes and inter-
actions between solutes, cryoprotectants, low 
temperature and membranes.

As shown in Fig. 5.1, when the tempera-
ture falls, the water in the sample actually 
remains liquid unless active steps (seeding) 
are taken to induce ice crystallization; the 
solution at this stage is said to undergo ‘super-
cooling’ (Fig. 5.1: step 1). Ice formation occurs 
randomly at some point below the freezing 
point; the randomness of this stage is dictated 
by the probability that groups of water mol-
ecules organize themselves into clusters and 
initiate a chain reaction. As this is an exother-
mic reaction, sufficient heat is released to 
increase the sample temperature to a signifi-
cant extent (Fig. 5.1: step 2). Depending on the 
sample being frozen, and the technique being 
used to cool it, the sample temperature 
remains static for a few minutes before cool-
ing is resumed (Fig. 5.1: step 3) or can even 
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Fig. 5.1. Graph showing the profile of temperature changes that occur when a sample of semen is frozen 
within a plastic straw. The most significant events are that the temperature first drops to below the usual 
freezing point (1) (super cooling), then increases again rapidly as the latent heat of fusion is released (2). 
Dissipation of the latent heat produces a short period when the temperature does not change, after which 
cooling is finally resumed (3).
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result in a transient increase in temperature 
before cooling resumes. These temperature 
excursions invariably occur when (plastic) 
straws of semen are frozen in cold nitrogen 
vapour (for instance, a typical technique is to 
place the straw horizontally about 4 cm above 
the surface of liquid nitrogen), and research-
ers have been divided as to whether this is a 
harmful process. To address this issue, direc-
tional freezing units that promote seeding of 
the sample in a linear fashion are thought to 
minimize these temperature excursions.

When ice begins to form during the cool-
ing process, the dissolved salts and other com-
pounds are excluded from the ice and become 
concentrated into the ever-decreasing spaces 
between the developing ice crystals. Biological 
cells interact osmotically with these unfrozen 
pockets of high solute concentration and 
water tends to be drawn out of the cells, 
resulting in cell shrinkage. This process results 
in two opposing deleterious effects that coun-
teract each other: if the cooling rate is slow, 
the cell membranes are exposed for longer 
periods to the pockets of hypertonic solu-
tions, with possible deleterious effects such as 
protein and lipid extraction and the genera-
tion of reactive oxygen species (ROS); con-
versely, if the cells are cooled too rapidly their 
cytoplasmic water content remains high and 
they run the risk of lethal intracellular ice 
formation. In practical terms, the optimal cool-
ing rate has to be regarded as a compromise 
between these opposing effects.

Experimentally it is possible to illustrate 
some of these effects by setting up idealized 
conditions using a cryomicroscope. Figure 5.2a 
shows what happens if some cryopreservation 
medium lacking cryoprotectant is spiked with 
a fluorescent dye and frozen at a slow cooling 
rate (about 5°C/min) to –20°C. The bright lines 
in the image represent inter-ice crystal regions 
where the fluorescent dye has become highly 
concentrated. If cryoprotectant has been added, 
or if a faster cooling rate had been used, the 
structure would have been more complex. 
Figure 5.2b shows a snapshot taken as the ice 
crystallization front was moving across the 
field of view (left to right). A number of sperm-
atozoa can be seen near the leading edge of 
the ice front and can later be seen distributed 
across different regions of the ice crystal 
formations (Fig. 5.2c). Figure 5.2d shows a 

snapshot taken as the sample is being thawed; 
it is notable that the heterogeneity displayed 
while the sample is frozen is still evident at the 
time of thawing.

These observations indicate that individ-
ual spermatozoa interact with both ice crystal 
regions and the interspersed regions of high 
salt content, and that this level of heteroge-
neous distribution is established around the 
time of freezing and then maintained until 
the sample is thawed. The photographs in 
Fig. 5.2 were set up to exaggerate the degree 
of organization visible within the prepara-
tions; however, a number of ultrastructural 
studies have confirmed that spermatozoa 
within frozen straws of semen become parti-
tioned within regions of high solute concen-
tration, and that they are separated by regions 
of pure ice (Courtens and Paquignon, 1985; 
Ekwall et al., 2007).

In addition to the purely osmotic interac-
tions associated with the freezing and thaw-
ing processes, the cell membrane lipids 
undergo partially irreversible phase transi-
tions (Holt and North, 1984), with the appear-
ance of semi-crystalline lipid arrays as the 
temperature declines during cooling and 
freezing. This effect is thought to be respon-
sible for the damaging effects of ‘cold shock’, 
which occurs when spermatozoa are rapidly 
cooled in the absence of protective additives 
(Quinn and White, 1966; Quinn et al., 1969; 
Moran et al., 1992); cold shock is not only 
recognizable because of the structural dam-
age caused to the plasma and acrosomal 
membranes, but is also known to induce 
loss of cellular homeostasis through inappro-
priate membrane permeabilization, excessive 
uptake of calcium and uncontrolled loss of 
potassium.

In keeping with the long-established
fluid mosaic model of membrane structure 
and organization (Singer and Nicolson, 1972), 
sperm plasma membrane lipids have long 
been envisaged as being free to diffuse later-
ally within the two-dimensional plane of the 
sperm surface (Wolf and Voglmayr, 1984). 
This broad view, although a useful concep-
tual model for thinking about cryopreserva-
tion, has been modified somewhat with the 
realization that membrane lipids and proteins 
are highly organized into structurally, bio-
chemically and functionally defined regions, 
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(a)

(b)

(c)

(d)

Fig. 5.2. (a) Shows what happens when a thin film of 
culture media is spiked with a fluorescent dye 
(fluorescein isothiocyanate) and then frozen to −20°C 
on a cryomicroscope. The fluorescent dye highlights 
the regions of high salt content, while the dark areas 
are formed of pure ice. Bar = 100 mm. (b) Shows a 
snapshot taken during ice crystal formation in a 
suspension of spermatozoa. The ice front is travelling 
from left to right and trapping spermatozoa as it goes. 
Bar = 100 mm. (c) Shows spermatozoa trapped 
between the ice crystal formations that developed as 
shown in (b). Bar = 100 mm. (d) Shows what happens 
during thawing of the sample illustrated in (c). At this 
moment, the ice crystal formations have not yet 
completely disappeared and spermatozoa can be 
seen lying between them. Bar = 100 mm.

or domains and subdomains, within the 
plane of the membrane (for reviews, see 
Zitranski et al., 2010 and Zhu and Inaba, 2011). 
If anything, gaining further insights into 
sperm membrane domain organization has 
strengthened the realization that cryopreser-
vation technology has the potential to cause 
huge amounts of cellular dysfunction through 
inappropriate and disruptive phase transi-
tions. Unfortunately, changes in temperature 
are not the only cause of membrane lipid-
phase transitions; they can also be induced by 
the removal of water, such as occurs during 
the osmotic fluxes associated with the freez-
ing process or during freeze-drying (Chiantia 
et al., 2005; Bennun et al., 2008). The occur-
rence and effects of these drying-induced
phase transitions can be offset to some extent 
by certain sugars, especially trehalose 
(Rudolph et al., 1986; Chandrasekhar and 
Gaber, 1988; Crowe et al., 1988). In fact, some 
authors have reported that the presence of 
trehalose is beneficial during the cryopreser-
vation of spermatozoa (see, for example, Hu 
et al., 2010b).

Cryoprotectants

In practice, it is not possible to cryopre-
serve spermatozoa, and most other cell 
types, without the presence of cryoprotect-
ants. These chemicals, which belong to sev-
eral distinct groups of compounds, interact 
with water molecules and inhibit the forma-
tion of the hydrogen bonds that are essential 
for the formation of ice crystals. The theory 
of cryoprotectant action is highly complex 
and multifactorial, but essentially it is 
understood that these compounds lower the 
freezing point of water and, thereby, at any 
given temperature, reduce the extent of ice 
crystal formation. This has the complemen-
tary effect of reducing the formation of 
unfrozen pockets of high solute concentra-
tion and, importantly, permitting these hyper-
osmotic regions to undergo transition to the 
glassy phase without necessarily reaching 
the same high solute concentrations (for a com-
prehensive review of cryoprotectant action, see 
Fuller, 2004).

Some cryoprotectants, notably those 
such as glycerol and dimethyl sulfoxide 
(DMSO), which are widely used for freezing 
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spermatozoa, permeate through the plasma 
membrane of the cells in question and exert 
their cryoprotection by inhibiting the lethal 
formation of intracellular ice crystals. This 
allows them to protect cells during freezing 
by both intracellular actions and extracellular 
actions (i.e. by reducing the external concen-
tration of solutes). However, there is also 
another class of cryoprotectants, mostly large 
macromolecules such as polyvinylpyrrol-
lidone (PVP), hydroxyethyl starch and dex-
tran, which cannot pass through the cell 
membrane and whose cryoprotective action 
seems to be brought about by cellular dehy-
dration, freezing point depression and 
increasing the viscosity of the media at low 
temperatures, thus inhibiting ice crystal for-
mation. These actions combine to protect the 
structure of the cell plasma membrane and 
have much in common with naturally 
evolved methods of cell preservation in vivo
that are based on desiccation and the biosyn-
thesis of protective compounds, typically 
sugars such as trehalose. Small multicellular 
organisms such as tardigrades and eelworms 
are able to lose >95% of their body water, 
remain viable for prolonged periods of up to 
several years and to withstand extreme heat-
ing and cooling (for references about this 
topic and its centuries-old history, see reviews 
by Keilin, 1959 and Crowe and Crowe, 1986).

The effectiveness of cryoprotectants var-
ies between cell types, partly because they 
operate via different mechanisms, but also 
because they can be differentially toxic to 
cells. This introduces more variables that 
need to be considered when examining the 
way that cryoprotectants work. Even a simple 
compound such as glycerol has been found to 
induce sterility in poultry spermatozoa 
(Hammerstedt and Graham, 1992), where the 
effects may be due as much to direct altera-
tions of membrane and cytoplasmic struc-
tures as to purely anisosmotic damage; it can 
also cause acrosomal damage in boar sperm-
atozoa if used at concentrations exceeding 3% 
(w/v) (Hofmo and Almlid, 1991; Gutierrez-
Perez et al., 2009). The permeability of the cel-
lular plasma membrane to both water and 
cryoprotectants is an important variable that 
governs the optimal design of protocols for 
cell freezing as well. Some cells behave as 

perfect osmometers when confronted with 
solutions of different tonicity and will shrink or 
expand as appropriate, in ways that can be pre-
dicted from biophysical principles. When their 
surrounding media begin to freeze, with the 
formation of a hyperosmotic external environ-
ment, these cells begin to shrink as their intra-
cellular water is drawn across the membrane. 
The ideal cooling rates for these cells would be 
sufficiently fast to minimize exposure to the 
deleterious effects of unfrozen, extracellular, 
hypertonic solutions, but not too fast, other-
wise the excess water remaining inside the cells 
would turn into ice crystals, with lethal effects. 
The optimal cooling rate is indeed predictable 
for certain, regularly shaped cell types, such as 
mammalian oocytes, for which measurements 
of membrane permeability to water and to cryo-
protectant can be made.

Spermatozoa are not ideal candidates for 
modelling their optimal cooling rates because 
their high degree of structural and functional 
differentiation has resulted in irregularly 
shaped cells whose volume is difficult to calcu-
late. A number of researchers have, neverthe-
less, attempted to measure sperm membrane 
permeability and predict optimal cooling rates 
(Gao et al., 1992, 1993; Noiles et al., 1993), but 
until about 10 years ago these predictions were 
wildly inaccurate. More accurate predictions 
have now been obtained for several mamma-
lian and non-mammalian species by applying 
differential scanning calorimetry and measur-
ing sperm membrane permeability to water 
and cryoprotectants at sub-zero temperatures, 
instead of supra-zero temperatures, which 
would not necessarily be relevant (Devireddy 
et al., 1999, 2000, 2004, 2006; Thirumala et al.,
2006; Alapati et al., 2009; Hagiwara et al., 2009).

Fourier-transform infrared spectroscopy 
(FTIR) is an alternative biophysical approach 
to the investigation of sperm membrane 
phase transitions during cooling, and has 
been used successfully to investigate cold 
shock (Drobnis et al., 1993) and freezing 
(Ricker et al., 2006; Oldenhof et al., 2010). This 
technique is extremely sensitive to lipid con-
formational order (Mendelsohn and Moore, 
1998) and allows the direct measurement of 
changes in the CH2 symmetric stretching fre-
quency (which reflects lipid acyl chain con-
formation) over a range of temperatures, 
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even in the presence of cryoprotectants and 
cryoprotective additives. Two recent papers 
about the cryopreservation of stallion sperm-
atozoa are of considerable interest here: 
Oldenhof et al. (2010) were able to deter-
mine the membrane permeability parameters 
necessary for modelling the optimal cooling 
and freezing rates for individual animals, and 
showed that they were not all the same; and 
Ricker et al. (2006) showed that the presence 
of egg yolk lipoproteins during freezing pre-
vented serious changes in phase transition 
behaviour that were seen in spermatozoa fro-
zen and thawed in the absence of egg yolk.

Developments in the use of 
cryoprotective additives

Traditionally, sperm cryopreservation dilu-
ents have included various sources of lipid 
and proteins (e.g. egg yolk, milk proteins, 
coconut milk, soybean lecithin), as well as 
sugars such as sucrose and trehalose, to assist 
with cryoprotection. There have been numer-
ous publications over the last several decades 
dealing with the merits of various diluent 
additives as they apply to individual species, 
and the reader is referred to other publications 
for further detailed information (Watson, 
1979, 1981, 1990; Watson and Holt, 2001). 
Unfortunately, despite the large amount of 
research that has been invested in improving 
the performance of semen cryodiluents, it is 
clear that the mechanism of action of these 
additives still remains obscure, which makes 
it difficult to exploit them further and gain 
more improvement. For example, the active 
ingredient of egg yolk was narrowed down to 
a low-density lipoprotein component (LDL) 
in the 1970s (Watson, 1976), but even though 
the use of LDL has recently seen a resurgence 
as an effective way to enhance semen preser-
vation in several species (Bencharif et al., 2010; 
Hu et al., 2010a, 2011; Dong et al., 2011; Vera-
Munoz et al., 2011), its mode of action is still 
largely unexplained at the level of the sperm 
plasma membrane.

The protective effects of exogenous lipids 
during the cooling and freezing of spermato-
zoa have been recognized for many years 

(Evans and Setchell,1978; Graham and Foote, 
1987; Holt and North, 1988) and substances 
such as lecithin (phosphatidylcholine), often 
of plant origin, form the basis of several com-
mercial cryopreservation media. However, 
the mechanisms underlying these effects 
have been difficult to understand, especially 
as there has been no evidence that the lecithin 
intercalates into the sperm plasma mem-
brane, with resultant modulations of phase 
transitions. FTIR studies (Ricker et al., 2006) 
have, nevertheless, revealed that the presence 
of soy- or egg yolk-derived lecithin during 
sperm cryopreservation prevents the dele-
terious phase transitions that are suffered 
when spermatozoa are frozen–thawed with-
out the presence of lecithin, and that the 
lecithin becomes tightly associated with the 
sperm plasma membrane. These authors also 
believed that the presence of lecithin as a cryo-
protective additive was equally as effective as 
that of egg yolk lipoprotein for the cryo-
preservation of stallion spermatozoa. This is 
consistent with an earlier study (Kolossa and 
Seibert, 1990), in which the authors devel-
oped a chemically defined cryoprotective 
medium for bovine spermatozoa that had 
commercial lecithin as the main ingredient, 
and claimed that it was only slightly less 
effective than egg yolk-based diluents. These 
results are especially topical in view of the 
upsurge of interest in avoiding animal prod-
ucts in semen diluents for the sake of enhanced 
biosecurity.

Media for semen cryopreservation often 
contain Equex, an anionic surfactant (sodium 
triethanolamine lauryl sulfate – SLTS, also 
known as Orvus ES) (Howard et al., 1986; 
Pontbriand et al., 1989; Kaplan and Mead 
1992; Montfort et al., 1993). This compound is 
usually used in combination with egg yolk 
and is thought to emulsify the egg yolk, pos-
sibly assisting in its ability to interact with the 
plasma membrane. It is especially prevalent 
in diluents for boar semen, but is hardly ever 
used for bull semen; it has also been tested in 
a number of wild species, including the 
African elephant (Howard et al., 1986), and in 
the domestic dog (Rota et al., 1998). It would 
be of interest to investigate SLTS in more 
detail, possibly using FTIR, to find out more 
about its mechanism of action.
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While the cryopreservation of spermato-
zoa from domestic livestock such as cattle, 
pigs and sheep typically involves the use of 
egg yolk or milk as diluent components, there 
are communities of scientists that focus on 
other groups of species and have developed 
different types of cryopreservation media. It 
is interesting to consider these briefly because 
there is no doubt that species differences are 
very important factors in this field. Detailed 
protocols and discussion about sperm cryo-
preservation in different species have been 
collected and published in several reviews 
(Watson and Fuller, 2001; Watson and Holt, 
2001; Lermen et al., 2009).

Interest in cryopreserving mouse sperm-
atozoa from defined genetic lines for 
biomedical research produced significant 
advances in appropriate technology in the 
early 1990s (George et al., 1992; Nakagata and 
Takeshima 1992; Nakagata et al., 1992; Sztein 
et al., 1992), and it is interesting that the more 
successful approaches often employed 18% 
raffinose, together with skimmed milk. 
Differences in the post-thaw fertility (from 
in vitro fertilization or tubal insemination) 
of spermatozoa of various mouse strains 
have, none the less, remained a problem 
(e.g. C57BL/6J mice show a 0–20% fertiliza-
tion rate). Recent advances have shown that 
supplementing the 18% raffinose medium 
with l-glutamine and methyl-b-cyclodextrin
enormously improves the fertilization rate for 
this specific mouse strain (bringing it to 
69.2%; Takeo and Nakagata, 2010). A simi-
larly dramatic improvement in fertilization 
rate has also been reported following supple-
mentation of the raffinose medium with the 
reducing agent monothioglycerol (Ostermeier 
et al., 2008; Takahashi and Liu, 2010); these 
authors reported that the fertilization rates 
of several mouse genetic lines, including 
C57BL/6, were restored almost to the same 
level as those of fresh spermatozoa.

The recent findings that cyclodextrin can 
improve the cryosurvival of mouse sperm-
atozoa are mirrored to some extent by equiva-
lent findings with bull, ram, stallion and goat 
spermatozoa (Mocé et al., 2010a,b; Moraes 
et al., 2010; Oliveira et al., 2010; Spizziri et al.,
2010). Here, the cyclodextrin is used to load 
the sperm plasma membrane with choles-
terol before cryopreservation. This effectively 

chan  ges the membrane lipid composition 
and hence the phase transition behaviour 
during cooling and freezing. To our know-
ledge, monothioglycerol has not been tested 
with domestic livestock, but if it improves 
cryosurvival by reducing oxidative damage 
associated with freezing and thawing, it is 
likely to be successful to some extent. Other 
thiols have been tested with bull semen 
(cysteine, N-acetyl-l-cysteine and 2-mercap-
toethanol; Bilodeau et al., 2001) and at con-
centrations above 0.5 mM have been shown 
to have some beneficial effects on post-thaw 
motility. There are many other studies report-
ing the inclusion of other antioxidants in 
semen extenders (liquid diluent added to 
semen to preserve its fertilizing ability) and 
cryoprotective media (Pena et al., 2004; 
Funahashi and Sano, 2005; Gadea et al., 2005; 
Pagl et al., 2006), but none has been demon-
strated to provide beneficial effects matching 
those seen by adding monothioglycerol to 
the mouse spermatozoa.

Vitrification

While conventional freezing requires the use 
of cryoprotectants to prevent damage caused 
by ice crystal formation, the use of increased 
cryoprotectant concentrations (up to 6 M) and 
rapid cooling allows solutions to be cooled to 
extremely low temperatures without any ice 
being formed at all. This process is termed 
vitrification; the name refers to the fact that 
the solution undergoes a glass transition and 
forms a stable structure without the presence 
of ice crystals. Cells that have been vitrified in 
this way can be returned to ambient tempera-
ture without the distortion that normally 
accompanies conventional freezing. There 
are, however, a few drawbacks to this tech-
nique; the ‘glassy’ state of vitrified samples 
tends to be rather fragile and easily damaged 
but, more importantly, there is a high risk of 
ice crystal formation during the process of 
rewarming.

Vitrification techniques have been applied 
to mammalian oocytes (Shaw et al., 1992; Succu 
et al., 2008) and embryos (Rall and Fahy, 1985; 
Rall and Wood, 1994), but success with sperm-
atozoa has been very limited until quite 
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recently. One report (Isachenko et al., 2008) 
showed that if small (30 ml) droplets of human 
spermatozoa, suspended in media consisting 
of human tubal fluid supplemented with 1% 
human serum and 0.25 M sucrose, were 
dropped directly into liquid nitrogen; on 
warming they recovered about 65% progres-
sive motility and retained mitochondrial func-
tion. Similar results were also obtained with 
rainbow trout spermatozoa when 20 ml drop-
lets of spermatozoa, suspended in a mixture 
containing a standard buffer for fish spermato-
zoa (Cortland medium), supplemented with 
combinations of 40% seminal plasma, 1% 
bovine serum albumin and 0.125 M sucrose, 
were plunged directly into liquid nitrogen 
(Merino et al., 2011); these authors reported the 
recovery of >80% motility upon rewarming 
and the retention of mitochondrial function.

These results are encouraging because 
they suggest that alternative approaches to 
semen cryopreservation are worth investigat-
ing. The limitation on droplet size may not 
turn out to be a serious problem if suitable 
methods for delivering large numbers of 
droplets into liquid nitrogen could be found. 
The more serious downside of this approach 
might be the high risks of microbial contam-
ination through the liquid nitrogen itself. 
The research group that has been developing 
these approaches has evaluated several meth-
ods (cryoloops, droplets, open pulled straws – 
OPS, and open straws) to avoid risks of 
contamination via liquid nitrogen, and have 
found that only the OPS method can be con-
sidered to be a ‘clean’ technique (Isachenko 
et al., 2005a).

Freeze-drying

The advent of intracytoplasmic sperm injection 
(ICSI) technology, whereby individual sperm-
atozoa are microinjected into the oocyte cyto-
plasm, has led to considerable interest in the 
possibility of storing the spermatozoa in the 
freeze-dried state. Logically, the micro-manipu-
lation technique needed for ICSI can be con-
sidered as a replacement for sperm transport 
and any steps requiring motility or the acro-
some reaction, and, at least theoretically, the 
only sperm component necessary for the pro-
duction of a zygote is the nucleus. From that 

argument, it can be concluded that damage 
to the mitochondria, axoneme and other cyto-
plasmic components should not be relevant 
to the developmental potential of freeze-
dried spermatozoa.

A number of reports have shown that 
this approach is feasible (Wakayama and 
Yanagimachi, 1998; Kaneko et al., 2003a,b; 
Ward et al., 2003; Liu et al., 2004; Kawase et al.,
2007; Kusakabe et al., 2008) and that live off-
spring have been produced in mice and rab-
bits following ICSI using freeze-dried nuclei. 
This mirrors the use of freeze-dried nuclei for 
nuclear transfer (Loi et al., 2008) after 3 years 
storage at room temperature.

The principles of anhydrobiosis (i.e. the 
natural freeze-dried state) mentioned above 
as occurring in tardigrades and eelworms are 
very relevant in this context. The presence of 
trehalose confers protection against DNA 
fragmentation (Loi et al., 2008), as expected 
from theoretical principles (Rudolph and 
Crowe, 1985; Rudolph et al., 1986; Beattie 
et al., 1997). The disulfide status of the sper-
matozoa is also important in determining the 
success of freeze-drying; Kaneko et al. (2003b) 
showed that the ability of cauda epididymal 
spermatozoa to support normal develop-
ment could be enhanced if they were first 
treated with diamide, which oxidises free 
sulfhydryl (SH) groups to form disulfide 
bonds. Conversely, if the disulfide bonds 
were first reduced with dithiothreitol (DTT), 
their ability to support development was 
lost. These findings are significant because 
they directly suggest a crucial role for the 
nuclear basic proteins – protamine 1 and 
protamine 2 – as determinants of success in 
freeze-drying. These protamines package 
sperm DNA into very compact and highly 
stable chromatin structures, a function that is 
largely mediated by the presence of cysteine 
groups and the formation of disulfide bonds 
(Balhorn et al., 2000; Balhorn, 2007). Although 
the number of cysteine residues found in the 
protamine 1 of eutherian mammals is species 
specific, and typically varies from five to ten, 
it is notable that the protamine 1 of most 
marsupials completely lacks cysteine groups 
(Retief et al., 1995). It is possible, therefore, 
that this will have negative implications 
for any attempts to freeze-dry marsupial 
spermatozoa.
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Genetic Influences on Semen 
Cryopreservation and Cryoinjury

Semen cryopreservation has been applied 
successfully in only a relatively small num-
ber of species, and despite the commercial 
species such as cattle, sheep and pigs hav-
ing attracted large amounts of research 
investment, considerable and unexplained 
variation in post-thaw semen quality exists 
between individuals. Although this pheno-
menon is a nuisance for those involved in 
routine semen cryopreservation, it might, 
nevertheless, be possible to exploit these dif-
ferences and find a way to refine our know-
ledge of sperm cryoinjury and, also, a way to 
improve the between-species situation, 
which is much less consistent. Recent studies 
have suggested that there may be a genetic 
basis for the variation in post-thaw semen 
quality, and these indicate that modern 
molecular technologies should enable the 
identification of markers linked to genes that 
influence the stability of spermatozoa in the 
face of extreme stress.

Although there are long-standing 
hypotheses, especially on sperm mem-
branes and their lipid content (Parks and 
Lynch, 1992), that attempt to explain inter-
species variation in the susceptibility of 
spermatozoa to cryoinjury, these seem 
rather unsatisfactory when the issue of 
within-species variation is considered. If 
sperm quality and fertility across males of a 
single species is normally sufficient to 
achieve successful mating and conception, it 
is likely that the sperm membrane lipid 
composition would have to be maintained 
within certain limits in order to preserve 
appropriate sperm membrane fluidity and 
functionality. If that is the case, explanations 
for inter-male variations in sperm survival 
during and after cryopreservation may be 
more complex than previously thought. The 
existence of inter-male variation in terms of 
semen freezing is well known (at least anec-
dotally), and males are often known as 
‘good’ and ‘bad’ freezers. More formal dem-
onstrations of these differences have been 
published for a number of species: mice 
(Songsasen and Leibo 1997); dogs (Yu et al.,
2002); rhesus monkeys (Leibo et al., 2007); 

pigs (Thurston et al., 2002); and stallions 
(Ortega-Ferrusola et al., 2009).

The mouse studies noted above are of 
particular interest because they demonstrated 
that there were major differences in the post-
thaw fertility (using in vitro fertilization – 
IVF) of spermatozoa from different genetic 
lines. Slight but consistent strain-dependent
morphological differences in sperm tail and 
cytoplasmic droplet morphology are known 
to correlate with in vitro fertilization rates 
(Kawai et al., 2006), although epididymal dys-
function is partly responsible for this effect by 
inducing tail bending at the sperm neck 
region in some lines. An earlier series of stud-
ies in which different mouse strains were 
compared (Krzanowska et al., 1991, 1995) had 
linked the ability of spermatozoa to penetrate 
the zona pellucida with subtle differences in 
sperm head shape and, moreover, had shown 
that these differences were dependent upon 
genotype. Given that these differences exert 
influences on fertilizing ability even when no 
freezing methods are involved, it is not sur-
prising that cryopreservation only amplifies 
the genetically based variation in fertility.

The observation that the mouse geno-
type might be responsible for differences in 
post-thaw fertility variation is consistent 
with other studies in pigs. In an effort to min-
imize genetic variation due to other factors, 
Thurston et al. (2002) categorized more than 
100 boars from a genetically homogeneous 
line into ‘good’, ‘bad’ and ‘intermediate’ 
freezers, based on extensive analysis of their 
post-thaw semen quality. She then compared 
the genetic characteristics of the ‘good’ and 
‘bad’ freezers by using amplified fragment 
length polymorphism (AFLP) and was able 
to show that there were at least 16 polymor-
phic regions of the genomic DNA that correl-
ated with post-thaw semen quality. In a 
parallel study of sperm head morphology, 
she also demonstrated systematic variation 
in pre-freeze sperm head shape that correl-
ated with the post-thaw semen quality 
(Thurston et al., 2001). A more recent study 
based on pre-freeze and post-thaw semen 
quality parameters (Safranski et al., 2011) has 
used quantitative genetic approaches to 
implicate genotypic differences in this 
relationship.
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These studies suggest that, in species that 
have not undergone any selection for good 
sperm survival during cryopreservation, 
underlying genotypic differences between 
individuals could be identified and used as 
markers. Although routine artificial insem-
ination in pigs uses chilled and non-frozen 
semen, there are special circumstances in 
which such markers would be useful. These 
include the establishment of cryobanks for 
long-term storage of genetic materials, where 
it would be advantageous and most efficient 
to freeze semen from the ‘good’ freezers only. 
Biomarkers are probably less useful for the 
dairy industry, as the bulls are tested for 
semen freezability early in life and the poor 
freezers discarded. From a practical point of 
view, consistent freezability of spermatozoa 
is less relevant outside the commercial agri-
cultural industry as there is more emphasis 
on breeding genetically or financially valuable 
individuals and investing efforts and resou-
rces in gaining that specific pregnancy.

Pathogens in Semen, Semen 
Preservation and Biosecurity

Many bacterial and viral diseases are now 
known to be transmitted through semen, or 
physically through breeding, and unless 
practitioners are constantly vigilant they 
run the risk of disseminating harmful micro-
organisms together with their extended or 
frozen semen samples. Viruses or bacteria 
may actually be present in the spermatozoa; 
for example, both bovine and human pap-
illoma viruses enter the spermatozoon (Pao 
et al., 1996; Lindsey et al., 2009) and the 
viruses are impossible to remove by the 
use of washing procedures (Foresta et al.,
2011a,b). Alternatively, the contamination 
may originate from epithelial cells shed 
into the semen (e.g. foot-and-mouth dis-
ease), either directly via seminal plasma, or 
through external sources. Two recent 
reviews have summarized the problems of 
semen contamination and have also pre-
sented a series of general recommendations 
for good AI centre practice (Althouse 2008; 
Althouse and Rossow, 2011). These are 

extremely important and relevant to semen 
collection in many different species and 
therefore we reproduce them in this chapter 
(Table 5.1). Disease control measures for 
semen collection and genetic resource bank-
ing have also been extensively reviewed 
by Philpott (1993) and Kirkwood and 
Colenbrander (2001). These authors also 
presented summary lists of diseases that, at 
the time, were either known or suspected 
to be transmissible through semen and AI. 
As these lists are also important, we have 
updated them to some extent and present 
them as Table 5.2.

The use of antibiotics and the removal 
of pathogenic organisms

Antibiotics are routinely added to semen 
extenders to address bacterial contamination 
of ejaculates. The seven most common classes 
of antibiotics used in semen extenders have 
been summarized by Althouse (2008), who 
found that while a range of ten antibiotics is 
commonly used with porcine semen, only 
three are used with poultry semen. The reason 
for this is that the antibiotics tend to have del-
eterious effects on sperm quality parameters, 
as well as exerting their antimicrobial effects, 
and it is therefore important to evaluate both 
the antimicrobial and detrimental effects, and 
to find antibiotics that offer a compromise 
between the two. There is an extensive literature 
about the use of antibiotics in semen (see, for 
example: Lorton et al., 1988a,b; Shin et al.,
1988; Miraglia et al., 2003; Bielanski 2007) and 
it is not appropriate to review that topic in 
detail here except to mention that bacterial 
diseases of particular concern in this context 
include those caused by mycoplasmas, urea-
plasmas, Histophilus somni, Campylobacter fetus
subsp. venerealis, tuberculosis and leptospiro-
sis. International standards for the use of anti-
biotics in frozen semen have been developed 
by the global body, the World Organisation 
for Animal Health (OIE), which provides 
extensive species-specific guidance (in the 
Terrestrial Animal Health Code, 2013) on 
its web site (http://www.oie.int/fileadmin/
Home/eng/Health_standards/tahc/2010/en_
index.htm). For example, the instructions for 
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processing and freezing bovine, porcine and 
small ruminant semen state the following 
(Article 4.6.7: 1f):

A mixture of antibiotics should be included 
with a bactericidal activity at least equivalent 

to that of the following mixtures in each ml of 
frozen semen: gentamicin (250 mg), tylosin 
(50 mg), lincomycin–spectinomycin (150/300 mg), 
penicillin (500 IU), streptomycin (500 mg),
lincomycin–spectinomycin (150/300 mg),
amikacin (75 mg) or divekacin (25 mg).

Table 5.1. General stud hygiene and sanitation recommendations. Reproduced from Althouse, 2008, 
with permission of John Wiley & Sons, Inc.

Stud personnel
1 Application of good hand hygiene, including appropriate washing and use of protective gloves, 

should be practised throughout all areas of the stud.
2 Personnel should avoid any contact of bare hands with materials that can later come into 

contact with semen or extender.
3 Personnel with upper respiratory tract infections should be cognizant of and avoid contamination 

of materials, semen or extender through aerosolization during sneezing or coughing.
4 Caps and hairnets can be of value if worn by personnel performing the semen collection process 

and by laboratory personnel as an aid in minimizing hair and dander as a contamination source.
5 Clean protective garments and shoes/boots, provided on-site by the stud, should be available for 

use by all stud personnel.
Animal housing and handling

1 Animal housing should be put on a regular sanitary maintenance schedule, including removal of 
organic material and application of a broad spectrum disinfectant.

2 Trimming of hair around the preputial orifice performed on an as-needed basis to eliminate the 
accumulation of organic matter at this site and its inadvertent introduction into the ejaculate 
during semen collection.

3 The ventral abdomen should be clean and dry prior to commencing with semen collection.
4 Cleaning of the preputial opening and surrounding area with a single-use disposable wipe 

should be considered if the area is wet and/or has organic material present.
5 In some species, preputial fluids can have high numbers of bacteria, therefore these fluids 

should be evacuated immediately prior to the semen collection process.
6 When collecting semen using an artificial vagina or gloved hand, the collector should position the 

penis in such a way as to minimize gravitation contamination of the semen collection vessel 
with preputial fluids.

7 If performing gloved hand semen collection, diverting the pre-sperm fraction from the semen 
collection vessel may aid in reducing ejaculate bacterial load.

8 The semen collection area and any collection equipment should be thoroughly cleaned and 
disinfected at the end of each collection day.

Laboratory
1 Encourage single-use disposable products when economically feasible to minimize 

cross-contamination.
2 When using reusable laboratory materials (i.e. glassware, plastic ware, plastic tubing, containers, etc.) 

that cannot be heat/gas sterilized or boiled, clean these reusables initially using a laboratory-grade 
detergent (residue free) with water, followed by a distilled water rinse and lastly through a 70% alcohol 
(non-denatured) rinse. Allow sufficient time and proper ventilation for complete evaporation of residual 
alcohol on the reusable. Rinse reusables with semen extender prior to their first use of the day.

3 Laboratory-purified water should be checked on a minimum quarterly basis if in-house, and by 
lot if outsourced. Any bacterial growth should be considered significant and appropriate action 
taken to identify and eliminate the contaminant source.

4 Disinfect countertops and contaminated laboratory equipment at end of the processing day with 
a residue-free detergent and rinse.

5 Floor should be mopped at end of each day with a disinfectant.
6 Break down bulk products into smaller daily use quantities immediately after opening.
7 Ultraviolet lighting can be installed to aid in sanitizing reusables and laboratory surfaces; however, 

safety precautions should be integrated to prevent exposure to personnel.
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A subset of this combination used as a 
standard procedure for bovine semen storage 
in the USA, Canada and Europe is known as 
the GTLS method (gentamicin, tylosin and 
Linco–Spectin). As described by Shin and Kim 

(2000), the GTLS method used in the USA 
involves two steps: a preliminary extension step 
with antibiotics containing non-glycerolated 
extender; and a second extension step with-
out antibiotics. Elsewhere, and somewhat also 
in the USA, a one-step approach is used. 
Experimental comparison of these approaches 
revealed that they were equally effective (Shin 
and Kim, 2000).

Recently, considerable efforts have been 
made to explore alternative methods of pro-
cessing semen in order to remove micro-
organisms. Centrifugation through density 
gradients is used in some human clinical set-
tings as an effective way of processing HIV-
positive semen and rendering it suitable for 
the insemination of HIV-negative women 
(Semprini et al., 1992; Loskutoff et al., 2005; 
Bostan et al., 2008), and similar procedures are 
being developed for animal semen (Morrell 
and Geraghty, 2006; Blomqvist et al., 2011; 
Morrell and Wallgren, 2011). This topic was 
reviewed in detail by Bielanski (2007), who 
suggested that the methods currently avail-
able are not sufficiently reliable to allow com-
plete confidence in their applicability.

The experimental application of washing 
procedures to semen contaminated with 
human papilloma virus (HPV; Czeglédy and 
Szarka, 2006) failed to eliminate the virus 
from the spermatozoa of infected patients. 
Nevertheless, when spermatozoa that tested 
HPV positive by PCR were used in IVF, 
healthy children were born. In animal studies, 
Bielanski et al. (1992) tested Percoll gradients 
in an effort to remove bovine viral diarrhoea 
virus (BVDV) from infected bull semen, but 
found that this approach was unsuccessful. In 
contrast, Morrell and Geraghty (2006) found 
that by combining density gradient centrifu-
gation with ‘swim-up’ procedures it was pos-
sible to remove equine arteritis virus from 
‘virus-spiked’ stallion semen.

Bielanski (2007) has also cited several 
alternative approaches to the problem of 
semen disinfection, which have included: 
(i) the brief exposure of semen to acidic con-
ditions (e.g. 1 min exposure to pH < 6.0 inact-
ivates bluetongue virus (BTV) and rubella 
virus), which apparently does not cause 
sperm damage (Bielanski et al., 1991); (ii) the 
use of extenders that incorporate immune 

Table 5.2. Virus diseases that can, or probably 
could, be transmitted by artificial insemination. 
Adapted from Kirkwood and Colenbrander, 2001.

Virus disease Host species

Avian influenza Birds
Newcastle disease Birds
Bovine papilloma virus Bovidae
Bovine viral diarrhoea Bovidae
Enzootic bovine leucosis Bovidae
Infectious bovine 

rhinotracheitis
Bovidae

Epizootic haemorrhagic 
disease of deer

Deer

Feline infectious enteritis Felidae
Feline infectious peritonitis Felidae
Feline leukaemia virus Felidae
Feline rhinotracheitis Felidae
African horse sickness Horse
Equine herpes viruses Horse
Equine infectious anaemia Horse
Equine viral arteritis Horse
Glanders Horse
Rabies Mammals
African swine fever Pigs
Aujesky’s disease Pigs
Blue ear disease Pigs
Classical swine fever Pigs
Porcine circovirus Pigs
Porcine reproductive and 

respiratory syndrome
Pigs

Swine vesicular disease Pigs
Teschen disease Pigs
Vesicular stomatitis Pigs
Various parvoviruses Pigs and carnivores
Hepatitis B Primates
Encephalomyocarditis Various
Simian, feline and other 

immunodeficiency viruses
Various

Bluetongue Various Artiodactyla
Foot-and-mouth disease Various Artiodactyla
Lumpy skin disease Various Artiodactyla
Malignant catarrhal fever Various Artiodactyla
Peste de petite ruminants Various Artiodactyla
Rift Valley fever Various Artiodactyla
Rinderpest Various Artiodactyla
Scrapie Various Artiodactyla
Sheep pox Various Artiodactyla
Canine distemper Various carnivores
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reactivity against microorganisms (Silva et al.,
2000) – in this case hyperimmune egg yolk 
semen extender was used for the inactivation 
of bovine herpes virus (BHV-1); (iii) the use 
of enzymes, such as 0.25% trypsin, to assist 
the removal of microorganisms from the 
sperm surface during washing procedures 
(Loskutoff et al., 2005); and (iv) the use of 
photosensitive compounds, such as haema-
toporphyrin (HP) and thiopyronin, which 
develop antimicrobial properties when irradi-
ated with white light from a halogen lamp. 
Trials showed that HP was effective against 
BHV-1 when tested with infected bull semen 
(Eaglesome et al., 1994), although the effects 
on semen quality are yet to be determined. 
In addition to the methods cited by Bielanski 
(2007), it is also worth noting an earlier report 
by Schultz et al. (1988), in which the authors 
showed that the addition to egg yolk or milk 
extenders of gamma globulin isolated from 
hyperimmune bovine serum could effect-
ively eliminate several significant viruses 
from infected semen. These included BTV 
(5 or more logs of infectivity), and both infec-
tious bovine rhinotracheitis virus (IBR) and 
BVDV (6 or more logs). The authors com-
mented that the direct addition of hyperim-
mune serum to extender was harmful to the 
spermatozoa, but that the gamma globulin 
produced no ill effects. They also suggested 
that the technique could be adapted to 
include other viruses if appropriate antibod-
ies were present. Surprisingly, this approach 
does not seem to have been exploited further, 
even though it certainly seems to merit fur-
ther investigation.

Hygienic aspects of sperm storage

The issue of safe and hygienic embryo and 
sperm cryostorage has recently been the sub-
ject of considerable concern (Vajta, 2010). 
Sample storage in liquid nitrogen containers 
presents hazards from several sources, 
including the containers themselves (which 
may accumulate microorganisms from air 
and moisture), the non-sterile liquid nitrogen 
used within the containers, and imperfectly 
sealed or broken straws or cryovials within 

the containers. The safety of cryopreserved 
germplasm became a matter of special con-
cern after the discovery of a case of transmis-
sion of human hepatitis B via bone marrow 
transplants cryopreserved in liquid nitrogen 
(Tedder et al., 1995). Experimentally, Piasecka-
Serafin (1972) was the first to demonstrate the 
possibility of the translocation of bacteria 
from infected semen pellets to sterile pellets 
in liquid nitrogen. Of the sterile samples, 94% 
became infected with Escherichia coli and 
Staphylococcus aureus within 2 h of placing 
them in a container holding contaminated liq-
uid nitrogen. More recently, Bielanski et al.
(2000) have demonstrated the possibility of 
the infection of embryos through liquid nitro-
gen contaminated with BVDV and BHV-1 if 
the samples are not sealed properly.

A number of recommendations for good 
practice have recently been published in a 
detailed review, which also describes the out-
comes of sampling liquid nitrogen tanks for 
the presence of viruses and bacteria (Bielanski 
and Vajta, 2009). These and other authors 
(Isachenko et al., 2005a,b) also considered the 
emerging issues of hygiene in relation to vit-
rification, when sperm or embryo samples 
are directly exposed to potentially contam-
inated liquid nitrogen. Their suggestion in 
this instance involved the use of sterile liquid 
nitrogen for preparative work, and then 
making sure that the samples are enclosed 
safely in appropriate containers, straws or 
vials, for long-term storage. In fact, govern-
ment protocols from multiple countries man-
date the use of virgin liquid nitrogen for the 
importation of cryopreserved semen from 
diverse species.

Modern transport methods, security 
and the international exchange of 

semen samples

Annually, tens of millions of straws containing 
cryopreserved semen are shipped internation-
ally and exposed to X-irradiation during secur-
ity inspections. Current screening methods 
already employ up to three simultaneous scans 
on checked bags to build a three-dimensional 
image of the baggage, and plans are underway 
to develop X-ray machines that deliver higher 
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doses of radiation to scan large quantities of 
baggage with a single scan.

Transportation of these biological mat-
erials requires that they are exposed to 
X-irradiation by airport security procedures at 
ports of entry and exit. A pioneering study 
published in 1996 (England and Keane, 1996) 
indicated that the levels of X-irradiation 
employed at airport security checkpoints do 
not adversely affect equine sperm quality or 
fertilizing ability, or embryonic development 
rates. This was recently confirmed for bovine 
semen (Hendricks et al., 2010); these authors 
also failed to find any detrimental effects 
on sperm chromatin integrity. A similar 
study in which frozen felid spermatozoa (from 
a fishing cat and two domestic cats) were 
exposed to X-irradiation (Gloor et al., 2006) 
did, however, report adverse effects on post-
thaw sperm motility, and an unusually large 
amount of double-stranded DNA damage. The 
detrimental effects of X-irradiation on DNA in 
somatic cells, germ cells and embryos are well 
recognized (Matsuda et al., 1989; Sailer et al.,
1995; Haines et al., 2001), so species differences 
in sperm chromatin organization and X-ray 
dose responsiveness may explain the evident 
discrepancies between these results. Despite 
the possibility that X-ray induced chromatin 
damage may be limited, albeit not in all 
species, or may even be repaired after fertil-
ization, it is important to take into considera-
tion the potential for epigenetic and genetic 
changes to the original DNA in the embryo 
formed from X-irradiated sperm. These 
changes may not be exhibited as a reduction in 
embryo competence to the blastocyst stage, 
but as reduced implantation rates, or as 
increased rates of mid- and late-gestational 
abnormalities, death or increased susceptibil-
ity to disease in the offspring; future studies 
might include investigation of the effects of 
X-irradiation on offspring production.

International semen transport 
for animal conservation

While the general guidance from, for example, 
the OIE, on semen import/export is designed 
mainly for routine application in commer-
cial stud situations, there is also considerable 

interest in the international movement of semen 
from wild and endangered species in support 
of zoo-based genetic management and ex situ
conservation programmes. These activities 
potentially apply to many different types of 
species, including mammals, birds, fishes, 
reptiles and amphibians, all of which are 
known to carry diseases. In general, inter-
national transport of semen from wild species, 
with its potential to transmit diseases to agri-
cultural livestock, is viewed with considerable 
caution by national veterinary authorities and 
is either entirely forbidden (e.g. the importa-
tion of some types of semen, especially of 
ruminants, into the European Union (EU) is 
currently not permitted at all, because EU 
countries have yet to agree upon the importa-
tion protocols) or is very difficult. Much of the 
difficulty is centred on establishing species-
specific protocols for disease testing, both 
before and after semen collection. Evidence-
based risk analysis models are being devel-
oped in order to quantify the risks associated 
with the movement of whole animals 
(Sutmoller and Casas Olascoaga 2003; Engel 
et al., 2006; Travis et al., 2006) or semen from 
place to place (Loskutoff et al., 2003), and thus 
assist the decision-making processes that 
apply to particular situations. Gathering the 
evidence to build these models is still prob-
lematic, however, because they depend heav-
ily on detailed knowledge of the disease status 
of animals in the relevant country, and also of 
the specific region of origin within the country. 
Further, such models depend on the validity of 
translating the usual disease-testing methods 
from one species to another, and this is not 
always possible. The acceptability of these 
models will also depend on the attitudes of the 
veterinary authorities in the different receiving 
countries. Relevant information is typically 
sparse, so it will be some considerable time 
before semen from wild ruminants can be 
transported readily.

Conclusions: The Outstanding 
Problems

Semen processing and cryopreservation has 
transformed the dairy industry over the past 
six or seven decades, and has facilitated 
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major advances in agricultural genetic selec-
tion and disease control. Semen cryopreser-
vation has also had a major impact on 
human clinical medicine, whether for the 
preservation of donor semen for anonymous 
AI by a donor (AID), the preservation of 
spermatozoa from oncology patients about 
to undergo radiotherapy or chemotherapy, 
or even from soldiers wounded during bat-
tle – exactly as predicted by Mantegazza 
(1866) in the 19th century.

Nevertheless, the early pioneers of 
semen cryopreservation technology were 
rather fortunate in choosing to study bull 
semen, with which high fertility rates can 
be achieved by using relatively small num-
bers of viable spermatozoa (Vishwanath 
2003). Had they begun with boar or ram 
semen, the situation would have been sig-
nificantly different. Successful insemin-
ations in these species can be achieved 
with frozen semen, but additional steps 
are needed to ensure maximum fertility. 
Conception rates in sheep are excellent if 
the semen is delivered directly to the uter-
ine horns by the use of surgical methods 
such as laparoscopy. Similarly, high success 
rates can be achieved with boar spermato-
zoa provided that the females are frequently 
checked for signs of standing heat, and 
inseminated at a time close to ovulation. 
These problems and solutions highlight the 
difficulties associated with the retention of 
full functionality after cryopreservation. 
In sheep, the cryopreserved spermatozoa 
can be deposited intra-cervically during 
AI, but then they do not possess the ability 
to progress towards the uterine horns and 
oviducts. In pigs, although intrauterine 
insemination is not a problem in itself, the 
cryopreserved spermatozoa survive for a 
considerably shorter period than do fresh 
spermatozoa and, unless ovulation occurs 
during this critical period, the AI will be 
unsuccessful. These examples show that 
although spermatozoa can survive the pro-
cess of cryopreservation, they tend to be 
sub-fertile afterwards.

This sub-fertility is a consequence of 
various pathological changes induced within 
the spermatozoon by the cryopreservation 

process. These include inappropriate phos-
phorylation of flagellar proteins by a process 
that has been termed ‘cryo-capacitation’ 
(Watson, 1995, 1996), the induction of DNA 
fragmentation (Fraser and Strzezek, 2007; 
Portas et al., 2009; Thomson et al., 2009) 
shortly after thawing and, similarly, the 
induction of ‘apoptosis-like’ changes in 
sperm membranes (Pena et al., 2003; Ortega-
Ferrusola et al., 2008). As many of these 
effects have been attributed to the action of 
ROS, there has been considerable investment 
in finding measures to counteract these by 
the use of antioxidants. These endeavours 
have yet to yield convincing benefits, thus 
indicating that there is no simple cure for 
oxidative damage in spermatozoa.

Some recent reports have indicated that 
exposing spermatozoa to high pressure before 
commencing cryopreservation improves their 
survival (Pribenszky and Vajta, 2011; 
Pribenszky et al., 2011). So far, the apparent 
success of this approach is difficult to explain, 
but from a biophysical perspective it may 
be the case that membranes are forced to 
undergo a hyperbaric phase transition that 
alters their membrane permeability charac-
teristics. If this method continues to show 
promising outcomes, it may be a surpris-
ing but effective treatment for the future. 
Species differences in the biology of sperm-
atozoa also lie at the heart of the cryo-
preservation problem, especially when the 
array of wild species is considered. At pres-
ent, there is no effective cryopreservation 
method for any marsupial, despite immense 
efforts from a number of investigators 
(Rodger et al., 1991; Molinia and Rodger, 
1996; Taggart et al., 1996; Holt et al., 2000; 
Miller et al., 2004; Johnston et al., 2006; 
Czarny et al., 2009). Similarly, the current 
and dramatic amphibian extinction crisis 
has suddenly provoked a demand for sperm 
freezing techniques in frogs and toads, 
about which very little is known, except 
that they may be similar to fish spermato-
zoa. This multiplicity of demands, coupled 
with the poor theoretical basis for inves-
tigating cryopreservation, underlines the 
need for detailed theoretical and compara-
tive research into this topic.
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6 Evaluation of Semen in 
the Andrology Laboratory

Steven P. Lorton*
Reproduction Resources, Walworth, Wisconsin, USA

Introduction

Bartlett (1978) formulated success in artificial 
breeding using an ‘Equation of Reproduction’. 
According to this formula, success as meas-
ured by the percentage of animals born is 
dependent upon four factors: A, % herd 
detected in oestrus and inseminated; B, % fer-
tility of the herd; C, % fertility of semen; 
and D, % efficiency of the inseminator/tech-
nician. Therefore:

% born = A × B × C × D

Because the end result is the cumulative 
product of the factors, and not their arithme-
tic average, it is extremely important that 
each factor remains as high as biologically 
and practically possible in order to achieve 
optimal results.

In artificial insemination centres, veteri-
nary clinics and/or in semen collection cen-
tres, the quality and quantity of the semen 
collected must be assessed in order to achieve 
the optimal level of factor C in Bartlett’s 
Equation of Reproduction. This chapter will 
discuss the techniques that are currently used 
to achieve this goal. The significance of these 
techniques in predicting ‘fertility’ will also be 
discussed.

Measurement of Ejaculate Volume

Ejaculates vary significantly in volume 
among species. Table 6.1 lists typical vol-
ume characteristics for several species. As a 
result of this variation in volume, during 
collection and subsequent evaluation of 
ejaculates, suitable devices are used to esti-
mate ejaculate volume. For very small vol-
umes, e.g. for the ram, specialized collection 
tubes are available (Fig. 6.1). Centrifuge 
tubes of 15 ml capacity are often used for 
bull and dog ejaculates, while collection 
bottles or insulated cups are typically used 
for the higher volume stallion and boar 
ejaculates. In many cases, these collection 
devices have volumetric calibrations, 
although manufacturers do not often pro-
vide accuracy data for these calibrations. 
Many laboratories use a standard labora-
tory scale to measure the weight of the 
ejaculate, after making an allowance for 
the weight of the collection tube or bottle. 
Volume is equated with the weight in 
grams. Kaproth (1988) reported a varia-
tion to this gravimetric procedure that 
employed a regression formula to correct 
for an increase in specific gravity with 
concentration.

* E-mail: splorton@alumni.clarku.edu
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Measurement of Spermatozoal 
Concentration

Measurement of the concentration of sperm-
atozoa in ejaculates is a fundamental and 
extremely important step in the evaluation 
and then in the processing of ejaculates for 
artificial insemination.

The simplest and most inaccurate method 
to estimate spermatozoal concentration is by 
means of visual inspection. This conservative 
processing technique is used effectively when, 
for example, a minimum number of insemina-
tion doses must be produced and when semen 
availability is not limited. In the case of liquid 
boar semen, for example, a fresh ejaculate that 

Table 6.1. Ejaculate characteristics. Adapted from 
Setchell, 1991.

Species
Ejaculate

volume (ml)
Sperm concentration 

(× 10−6/ml)

Bull 2–10 300–2000
Boar 150–200 25–350
Dog 2–15 60–300
Ram 0.5–2 2000–5000
Stallion 20–300 30–800

has the appearance similar to whole milk, i.e. 
creamy white, might be extended to yield 6–8 
insemination doses; this would compare with 
20–24 doses if actual concentration measure-
ments were performed. In contrast, a semi-
clear, non-fat or skimmed milk-like appearance 
of an ejaculate might be extended to yield 
only 2–3 doses.

The Karras Spermiodensimeter has been 
used for the determination of sperm concentra-
tion in boar and bull ejaculates (see Fig. 6.2). 
In this case, the measurement is based upon the 
turbidity of a sperm suspension prepared in 
normal saline. The concentration is visually esti-
mated by interpretation of the instrument’s 
scale through the turbid solution. Clarity of the 
scale is an indirect indication of spermatozoal 
concentration. Vianna et al. (2007) compared 
data obtained using this densimeter with data 
obtained using the Neubauer haemocytometer. 
These authors noted that data obtained using 
the densimeter was consistently an overestima-
tion, which was due especially to the variability 
in volume of seminal fluids. The authors devel-
oped a corrected concentration table for use with 
the densimeter to provide data more consistent 
with those obtained with the haemocytometer.

The haemocytometer counting chamber 
has classically been the ‘gold standard’ for 
sperm concentration evaluation. Although 
variations exist depending upon the manu-
facturer, this chamber usually consists of a 
glass slide with two etched grids of precise 
dimensions. A special coverslip is applied on 
to support ‘rails’; thus creating a chamber of a 
specific volume over each grid. After filling 
each chamber with a diluted neat or extended 
semen sample, the user observes the chamber 
using a standard microscope and manually 
counts the sperm within the limits of the grid. 
(See detailed instructions below.)

Various manufacturers and types of count-
ing chambers are available, which include the 
Petroff-Hauser, the Improved Neubauer and 
the Makler® chamber (see Fig. 6.3); however, 
the Improved Neubauer Haemocytometer 
is used widely in animal andrology laborator-
ies. Several authors (Belding, 1934; Salisbury 
et al., 1943; Bane, 1952; Freund and Carol, 1964; 
Lorton et al., 1984; Seaman et al., 1996; Brazil 
et al., 2004; Christensen et al., 2005; Payne and 

Fig. 6.1. A collection device used during semen 
collection from small animals. Photo courtesy of 
Pacific Vet Pty Ltd, Melbourne, Australia.
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Clark, 2005) have described causes of variation 
of the data obtained with counting chambers. 
The variation can be attributed to: type of 
chamber, technician, number of dilutions and 
the number of chambers counted. Therefore, 
it is recommended that a minimum of four 
counts, i.e. both sides of two chambers, are 
made for each diluted subsample. Additional
dilutions, chambers and technicians will reduce 
variation. Counts of the two sides of each 
chamber should be within 10% of each other. 
A standardized method of counting should 
also be used. The evaluation of samples 
using haemocytometers is time-consuming – 
approximately 15–20 min/chamber.

Fig. 6.2. The Karras densimeter. Photo courtesy 
of Minitüb GmbH Tiefenbach, Germany.

Suggested method for the determination 
of the concentration of spermatozoa 

in semen using an Improved Neubauer 
Haemocytometer

1. Prepare suitable diluted subsamples of 
the semen. The dilution used is somewhat 
dependent upon the species being studied. For 
example, for rams or bulls, ejaculates are typ-
ically very concentrated, so a 1:201 dilution 
could be used. Boar ejaculates are less concen-
trated, so a 1:101 dilution could be used.

Notes:
(i) It is important that dilutions are prop-
erly prepared. The outside surface of sam-
ple pipette tips should be carefully wiped 
to remove adherent cells. Tips should be 
wiped from the top towards the open end. 
The open end of the tip should not be 
touched, as this will result in sample loss 
by wicking action from inside the tip.
(ii) It is important that dilutions are prop-
erly prepared. For example, 0.01 ml (10 ml) 
sample plus 1.0 ml diluent results in a 
1:101 dilution; 0.01ml (10 ml) sample plus 
2.0 ml diluent results in a 1:201 dilution.
(iii) For accurate counts, a diluent that 
results in immotile spermatozoa should be 
used, e.g. 10% formaldehyde in saline 
(10 ml of 40% formaldehyde in saline).
(iv) Prepare a dilution that results in a 
count of approximately 150 spermatozoa 
in 5 large squares of the counting chamber.

2. Properly position the haemocytometer cover-
slip on the haemocytometer. After thoroughly 
mixing the diluted subsample, a drop of semen 
is placed on the filling ‘V’ groove (if present) 

(a) (b)

Fig. 6.3. (a) Improved Neubauer Haemocytometer (photo by L. Lorton). (b) Makler® Counting Chamber 
(photo courtesy of A. Makler, Sefi Medical Instruments, Haifa, Israel).
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of the haemocytometer – or it is placed at the 
intersection of the cover slip and top of the 
haemocytometer. The liquid should be drawn 
up to just cover/fill completely the one ‘side’ 
of the chamber. This procedure is repeated for 
the other side of the haemocytometer.

Note: Overfilling or underfilling of the 
chamber will result in inaccuracy of con-
centration measurements.

3. Wait approximately 5–10 min for the sperm 
to settle to the bottom of the haemocytometer. 
Do not allow the haemocytometer to dry out 
before counting. In order to be sure that the 
haemocytometer does not dry out, the follow-
ing procedure can be followed. Place a paper 
towel large enough to hold the haemocytom-
eter in the bottom of a dish and wet the towel. 
Then place two microscope slides on the wet 
paper towel as a base, positioned so that the 
haemocytometer can be placed on the slides 
above the wet towel. The slides prevent the 
bottom of the haemocytometer from getting 
wet, and avoid any need to manually dry the 
chamber, as doing so may dislodge the haemo-
cytometer coverslip. Cover the dish and allow 
the necessary time for the cells to settle.
4. The haemocytometer consists of a grid sys-
tem. Five large squares should be counted – 
either each of the corners and the centre 
square, or from corner to corner diagonally 
(see Figs 6.4 and 6.5).

Counting suggestions:
(i) Count the sperm heads only, ignore the 
sperm tails.
(ii) Establish a pattern to use every time.
(iii) Count the sperm heads touching two 
of the sides of the large squares, e.g. left 
and bottom. Do not count the sperm heads 
touching the remaining two sides, e.g. 
right and top.
(iv) Total counts for the two sides of each 
individual chamber should be within 10% 
of each other. If not, these counts should be 
discarded and another chamber prepared 
and counted.

5. Add the counts from all five squares of one 
side of the haemocytometer as one total 
count, and then count the other side. It is 
recommended to count at a minimum four 
sides, using two haemocytometers for each 
semen sample under evaluation.
6. Calculate the total number and concen-
tration of spermatozoa as follows (steps 
A–D):

A. Average the haemocytometer counts.
B. Multiply the average of the counts by 
the dilution factor.
C. Multiply the result of step ‘B’ by 50,000 
(5 × 104). This result is the number of cells/
ml ejaculate. (Note: the factor 50,000 is 
used only if five large squares of the cham-
ber are counted.)

Fig. 6.4. Phase micrograph of a large square (containing 16 small squares in a 4 × 4 pattern) of the Improved 
Neubauer Haemocytometer counting grid. Photo courtesy of B. Hasell and the Artificial Breeding Centre, 
Beef Breeding Services, Primary Industries and Fisheries, Department of Employment, Economic 
Development and Innovation, Queensland, Australia.
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D. Multiply the result of step ‘C’ by the 
volume of the ejaculate. This result is the 
total number of sperm in the ejaculate.

Example:
Ejaculate volume = 10 ml
Total counts in each of the five large 
squares are: 161, 168, 164, 167 after a dilu-
tion of 101 (counts from two chambers, 
two sides each).
A. (161 + 168 + 164 + 167) ÷ 4 = 660 ÷ 4 = 165

B. 165 × 101 = 16665 = 16.7 × 103

C. (16.7 × 103) × 50,000 = (16.7 × 103) × 
(5 × 104) = 8.4 × 108 = no. cells/ml
D. 8.4 × 108 × 10 ml = 8.4 × 109 = 8.4 billion 
sperm total in the ejaculate.

7. Clean the haemocytometer and coverslip 
carefully.

Note: These are coverslips unique to 
the haemocytometer and cannot be 
replaced with an ‘ordinary’ microscope 
coverslip.

1.00 mm

1.00 mm

1.00 mm

0.05 mm

0.25 mm

Fig. 6.5. Suggested counting techniques using the Improved Neubauer Haemocytometer. Three acceptable 
counting patterns are shown. Using one of the three patterns outlined in grey at the bottom, counting the 
spermatozoa located in the five large squares (16 small squares/large square) will result in a valid 
representation of the entire chamber. Figure by R. DeMarco, Reproduction Resources.
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Colorimeters, photometers and spectro-
photometers have been widely used in semen 
production facilities owing to their ease and 
speed of use. Comstock and Green (1939) 
described the measurement of light transmis-
sion through ram sperm suspensions using the 
photoelectric colorimeter and suggested that 
data obtained by this method would be compar-
able to the mean of two or three haemocyto-
meter counts. Salisbury et al. (1943) compared the 
use of the haemocytometer and the colorimeter 
using bull semen. Using raw semen samples 
diluted 1:11 in 0.067 M sodium citrate, these 
authors reported that a ‘straight line relation-
ship existed between the Log (100/reading of 
sample) and the mean of duplicate haemocy-
tometer counts’. Emik and Sidwell (1947) 
indicated that pipettes, sample turbidity and, 
especially debris, contributed to technique 
error. Type of colorimeter used, and semen 
species (i.e. concentration of ejaculates), influ-
enced the optimal dilution rate. Willett and 
Buckner (1951) and Young et al. (1960) used 
regression analysis to estimate the number of 
sperm/ml using absorption (OD, optical dens-
ity) measurements, where OD = (2 – log %T), 
and T is the transmittance. The principles, 
calibration of and procedures for the photo-
metric measurement of sperm cell concentra-
tion in raw (neat) semen have been reviewed – for 
bovine semen, by Foote (1968, 1972) and 
Foote et al. (1978), and for equine semen by 
Pickett (1968).

Improved Neubauer 
Haemocytometer maths

• Counting chamber depth: 0.100 mm.
• Ruling pattern: 1/400 square mm.
• Rulings cover 9 mm2 (9 squares of 1 × 1mm).
• The centre square is subdivided into 

25 large squares separated by triple lines.
• Each large square is subdivided into 

16 small squares of 1/400 mm2.
• The chamber height is 1/10mm, so the 

volume over each small square is 1/4000 mm3

or 0.00025 mm3.

• If ‘N’ is the number of cells counted in 
five large (80 small) squares:

• Then: N = no. of cells in 80/4000 mm3.
• So in 1 mm3, there are 4000 (N)/80 cells.

• Therefore, in 1 ml, there are 4,000,000 (N)/
80 cells.

• If ‘D’ is the dilution factor, then the num-
ber of cells/ml is: 4,000,000 (N) (D)/80 or 
(5 × 104) (N) (D).

Lorton (1986) described a technique for 
evaluating initially extended semen using a 
spectrophotometer. Photometric estimations 
of sperm concentration typically are simple 
and relatively quick (30–60 s). Photometers/
spectrophotometers must be calibrated, i.e. to 
give OD versus sperm concentration, when 
purchased, as well as by periodic checks and 
after changing the light source. Calibrations 
change over time, especially in machines 
equipped with incandescent light sources, 
although they vary to a lesser degree in 
machines with light emitting diodes (LED) as 
the light source. Foote et al. (1978) reviewed 
calibration techniques when using haemocyt-
ometer counts. Calibrations must be made for 
each individual species of sperm under study. 
The NucleoCounter® SP-100™ (see below) pro-
vides more repeatable and more accurate data 
than haemocytometers and can be used for 
calibrations instead. The electronic function of 
photometers/spectrophotometers should be 
evaluated frequently (daily, weekly) with tur-
bidity standards and/or filters.

Evaluation of concentrations can be 
made using the flow cytometer (Evenson 
et al., 1993). Within these machines, individ-
ual cells pass in a liquid fluid stream 
through a laser and are electronically 
counted. ‘Gates’ based upon cell size can be 
established in order to reduce error from 
debris and cells other than sperm (COTS), 
and extremely accurate data can be obtained. 
However, flow cytometers are expensive 
and relatively difficult to maintain and 
operate. Few semen production laboratories 
utilize them for concentration measurements 
alone, though they are used for more com-
plex morphological and functional analyses 
(see below).

The NucleoCounter® SP-100™ (Chemo-
Metec A/S, Allerod, Denmark) is a relatively 
new device for the measurement of sperm 
concentration in raw (neat) ejaculates and/or 
extended semen. After a simple dilution 
with a reagent that results in disintegration 
of the sperm cell membranes, the sample (50 ml) 
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is loaded into a special cassette (Fig. 6.6), 
which is manufactured with the fluorescent 
staining agent propidium iodide (PI) immo-
bilized within it. Due to the absence/disrup-
tion of the cell membranes, the PI can be 
incorporated into the spermatozoa and selec-
tively binds to the DNA of each cell. The 
microscope of the SP-100™ utilizes a green 
light source that causes the PI-DNA com-
plexes to fluoresce red (Fig. 6.7), thus allow-
ing the machine’s processing unit to count 
each complex. Algorithms eliminate COTS, 
invalid data due to dilution error and/or cas-
sette loading error.

Due to the specificity of the PI-DNA 
binding and fluorescence, extender, seminal 

Fig. 6.6. The NucleoCounter® SP-100™ cassette. 
Note the two black dots on the cassette. During 
manufacture, the depth of the analysis chamber 
(upper centre of the cassette) is measured using 
a laser. The number and location of the black dots 
on each cassette are evaluated before 
concentration analysis and represent a final 
calibration of sample volume in the analysis 
chamber. Photo by L. Lorton.

Fig. 6.7. The analysis window of the 
NucleoCounter® SP-100™ as ‘seen’ by the 
microscope. Each white dot represents a propidium 
iodide (PI)–DNA complex, i.e. a sperm cell. Photo 
courtesy of ChemoMetec A/S, Allerod, Denmark.

gel, COTS and other debris do not interfere 
with data analyses. Hansen et al. (2006) com-
pared the use of the SP-100™ with the haemo-
cytometer, the spectrophotometer, computer 
assisted semen analysis (CASA) machines 
and the flow cytometer (FACS). Repeatability 
for the SP-100™ and the FACS were similar, at 
3.1% and 2.7%, respectively, while it was 
7.1%, 10.4%, 8.1% and 5.4% for the haemocy-
tometer, the Corning 254 photometer, and 
two models of CASA machines. Correlations 
between the FACS and the SP-100™ were 
highest (as was the repeatability of these 
instruments). Figure 6.8 presents examples 
of regressions of SP-100™ data versus flow 
cytometer data. Further validations of the 
SP-100™ instrument for measurement of 
sperm concentration were done by Comerford 
et al. (2008) and by Comerford (2009).

Anzar et al. (2009) concluded that the 
Nucleocounter® SP-100™ and the flow cyto-
meter could be used with equal confidence 
for the measurement of sperm concentration. 
These authors also provided evidence that 
13% additional bull artificial insemination 
doses could be produced when using the 
SP-100™ rather than haemocytometers for 
the calibration of spectrophotometers. The 
SP-100™ has become the instrument of choice 
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Fig. 6.8. NucleoCounter® SP-100™ versus flow cytometer (FACS) data. (a) Sperm concentration of raw (neat) boar semen. (b) Sperm concentration of 
extended boar semen. (c) Boar sperm membrane integrity (% viability). The outer lines parallel to the central regression lines in the last two figures indicate 
the 95% confidence limits for the regressions. Figure courtesy of C. Hansen, Danish Pig Production, Copenhagen, Denmark.
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for evaluating sperm concentration in neat 
and extended semen from several species, 
including stallions (Comerford et al., 2008; 
Morrell et al., 2010), bulls (DeJarnette and 
Lefevre, 2008; S. Lorton, unpublished), pigs, 
dogs, sheep, deer, wolves (S. Lorton, unpub-
lished) and trout (Nynca and Ciereszko, 2009). 
Owing to the accuracy and repeatability of 
the Nucleocounter® SP-100™, it should be 
considered as the ‘new gold standard’ for the 
measurement of sperm concentration.

Artificial insemination provides the 
mechanism for the ‘extended’ use of the male 
animal, i.e. rather than one natural insemi-
nation, multiple inseminations are possible 
with one collected ejaculate. Sullivan (1970) 
reviewed early data showing an increase in 
fertility (non-return rate) with increasing 
sperm numbers inseminated. The change in 
fertility was different between bulls of low 
and high fertility, and, although insignificant 
due to low numbers in the studies, a decrease 
in non-return rate was noted after insemina-
tion with very high numbers of motile sperm 
cells. Pace et al. (1981) provided evidence of 
an exponential, asymptotic model relating 
the number of post-thaw viable spermatozoa 
that was positively and significantly correl-
ated with the non-return rate. This model 
confirmed a similar model originally hypo-
thesized by Salisbury and VanDemark in 1961 
(see Saacke, 1983).

A later study (S.P. Lorton and M.M. Pace, 
unpublished) involving approximately 20,000 
first inseminations also verified the model and 
provided additional evidence that the asymp-
totic value for individual bulls differed signifi-
cantly. However, it was shown that, across 
bulls, approximately 10–12 × 106 motile sperm-
atozoa per insemination dose resulted in the 
asymptotic level of fertility (non-return rate). 
Den Daas et al. (1998) provided similar results 
and also discussed the variability between 
bulls. Foote and Kaproth (1997) presented evi-
dence that the total sperm number per artifi-
cial insemination dose could be reduced to 
10 × 106 with only a one percentage point reduc-
tion in non-return rate. Further, Chenoweth 
et al. (2010) described data showing a strong 
correlation between the number of progres-
sively motile spermatozoa per insemination 

dose (1.5, 3.5 and 7.0 × 106 ) and palpated preg-
nancy rate. A specialized process developed 
in New Zealand using Caprogen extender 
and sperm storage at ambient (15–23°C) 
temperatures results in optimal fertility 
at levels with approximately 1.5 × 106 total 
(1.0–1.2 × 106 motile) spermatozoa per insem-
ination (Shannon et al., 1984). The number of 
motile spermatozoa inseminated is, therefore, 
a compensable semen trait. (See Saacke et al.,
1991 for a review of compensable and non-
compensable semen traits.)

There have been similar, but less exten-
sive, sperm number titration studies in the 
pig. Baker et al. (1968) demonstrated an inter-
action between the number of sperm insemi-
nated and the volume inseminated. By 
examining the number of spermatozoa recov-
ered from oviducts of gilts and the number of 
spermatozoa bound to the zonae pellucidae 
of ova, these authors concluded that 5–10 × 109

total spermatozoa in a volume of approxi-
mately 100 ml resulted in optimum fertility. 
Johnson et al. (1981, 1982) demonstrated sig-
nificant differences among boars in farrowing 
rate after insemination with 3 × 109 total 
sperm. In contrast, Xu et al. (1998) were un-
able to demonstrate a difference in farrowing 
rate, while there was a significant difference 
in total live-born, when the insemination 
dose was reduced from 3 × 109 to 2 × 109 total 
sperm. Flowers (2002) reported a linear rela-
tionship of litter size among some boars (32 of 
200 boars) versus an asymptotic relationship 
among most boars (133 of 200 boars) when 
the number of sperm inseminated was 
increased from 1 × 109 to 9 × 109. The authors 
commented that if additional motile sperm-
atozoa were inseminated, a plateau effect may 
also have been detected for the animals show-
ing the linear relationship. In contrast, Alm 
et al. (2006) reported a significant decrease in 
60-day non-return rate and litter size when 
the insemination dose decreased from 3 × 109

to 2 × 109 total sperm. Reicks et al. (2008) 
reported a decrease in litter size when sperm 
number inseminated was reduced from 4 × 109

to 2.5 × 109 total sperm, while farrowing rate 
did not differ. These studies were all per-
formed using ‘conventional’ cervical artificial 
insemination (AI) with chilled semen.
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There seems to be ample evidence, at 
least in the species studied, and probably in 
others, that the following is the case. First, the 
number of motile, normal spermato   zoa
inseminated is compensable. Secondly, when 
performing studies to investigate treatment 
effects on spermatozoa and the desired end 
point is a difference in fertility (e.g. non-
return rate, pregnancy rate, litter size, etc.), it 
is critical both to inseminate an accurate num-
ber of motile, normal spermatozoa and that 
the number inseminated should be on the 
‘upward slope’ of the fertility curve (i.e. less 
than the number when the fertility pattern is 
asymptotic). Thirdly, the number of insem-
inations (sample size) per treatment must be 
adequate to allow the detection of treatment 
differences; for example, in cattle, one stand-
ard deviation around a non-return rate of 
70% is 1.5 with 1000 inseminations, while it is 
10.2 with 20 inseminations (Oltenacu and 
Foote, 1976) (see also Pace, 1980; Berndtson, 
1991; Amann and Hammerstedt, 2002; Amann, 
2005). These details should also be considered 
when evaluating the literature.

More recently, post-cervical and deep 
uterine surgical insemination studies in pigs 
have demonstrated that both insemination 
volume and number of sperm can be reduced 
without a reduction in pregnancy rate or litter 
size, e.g. from 3–3.5 × 109 total sperm in 
75–80 ml to approximately 1–1.5 × 109 total 
sperm in a volume of 35–40 ml (post-cervical
insemination), or even 0.5 ml (deep uterine 
insemination, using fresh or frozen–thawed 
semen) (Krueger and Rath, 2000; Rozeboom 
et al., 2004; Wongtawan et al., 2006; Vazquez 
et al., 2008 (review); Sonderman et al., 2011).

Evaluation of Spermatozoal 
Morphology

Our brains, via the eyes, visualize objects and 
images using colours and/or variations of the 
grey scale to establish contrast. Using the 
microscope, we can visualize extremely small 
objects, many of which have no distinguishable 
colour or, therefore, contrast. For example, 
when viewing spermatozoa with the routine 
bright microscope, the cells appear white with 

a white/grey background. A wide variety of 
biological stains and probes are often used to 
increase the contrast (see Table 6.2), or to iden-
tify particular regions or cell structures, often 
using fluorescent techniques. Many of these 
stains or probes have recently been used with 
the flow cytometer to evaluate sperm morph-
ology, cell structures and/or membrane integ-
rity (see Plates 4 and 5). Use of the flow 
cytometer has the distinct advantage of quickly 
analysing thousands of cells, compared with 
only 100–200 cells with the microscope.

The optics of a phase microscope modify 
the light waves hitting and surrounding the 
viewed objects, e.g. spermatozoa, to create 
additional specimen contrast, without the 
use of biological stains. The result is increased 
ability by the user to see the objects and 
differentiate detail. (See Abramowitz (1987) 
for a detailed discussion of the physics of 
phase contrast microscopy.) The optics of the 
phase microscope must be properly set up 
(aligned) in order to establish the phase image. 
A description is given below of the suggested 
method for aligning a phase microscope. Note 
that this procedure will vary slightly by micro-
scope manufacturer and model.

Assembly, set-up and use of 
the phase microscope system

The primary components of the phase optical 
system are the phase turret condenser, the 
phase objective lenses and the centring tele-
scope (see Fig. 6.9). Note that some micro-
scope manufacturers incorporate the centring 
device into the body of the microscope and 
therefore eliminate the use of a separate cen-
tring telescope.

Assembly and set up procedure

1. Rotate the coarse focusing knob to move 
the stage platform to its lowest position.
2. Remove the objective dust caps from the 
underside of the revolving nosepiece.
3. Screw individual objective lenses into 
the nosepiece. For convenience, mount the 
objectives in magnification order i.e. 10×, 20×, 
40×, 100×.
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Table 6.2. Biological stains and probes used to evaluate spermatozoa (see also Appendix at end of 
this chapter).

Function Stain/probe Reference

General morphology Alkaline methyl-violet Hackett and Macpherson, 1965
Anti-ubiquitin–FITC (fluorescein 

isothiocyanate)/TRITC (thiol-reactive 
tetramethylrhodamine-5-(and-6)-
isothiocyanate)

Kuster et al., 2004a; 
Odhiambo et al., 2011

Belling’s iron aceto-carmine Hackett and Macpherson, 1965
Casarett stain Casarett, 1953
Diff-Quik/Dip Quick® Root Kustritz et al., 1998; Boersma 

et al., 2001; Pozor et al., 2012
Eosin–nigrosin Hackett and Macpherson, 1965; 

Brito, 2007; Freneau et al., 2010
Farelly Paufler, 1974; Boersma et al., 1999, 2001
Giemsa Hancock, 1952; Hackett and 

Macpherson, 1965
Harris’ haematoxylin Boersma et al., 2001
Heidenhain’s iron haematoxylin Hancock, 1952; Hackett and 

Macpherson, 1965
India ink Hackett and Macpherson, 1965
Papanicolaou Boersma et al., 1999, 2001
SpermBlue® Van der Horst and Maree, 2009
Williams stain (carbolfuchsin–alkaline

methylene blue)
Williams, 1920

General morphology 
and acrosome

Spermac® Oettle, 1986; Boersma et al., 2001; 
Baran et al., 2004

Acrosome Anti-acrosin–FITC Garner et al., 1975; Thomas et al., 1997
Chicago sky blue–Giemsa Kútvölgyi et al., 2006
Chlortetracycline (CTC) Gillan et al., 1997; Maxwell and 

Johnson, 1997; Green and 
Watson, 2001; Rathi et al., 2001

Fast Green FCF–eosin B Wells and Awa, 1970
Giemsa Watson, 1975
Lectin conjugates – PSA 

(Pisum sativum agglutinin), 
PNA (peanut agglutinin)

Garner et al., 1986; Graham et al.,
1990; Cheng et al., 1996; Gillan 
et al., 1997; Rathi et al., 2001; 
Herrera et al., 2002; Nagy et al.,
2003; Waterhouse et al., 2006; 
Celeghini et al., 2007; de Graaf 
et al., 2007; Garcia-Macias et al.,
2007; Petrunkina and Harrison, 
2010; Odhiambo et al., 2011; 
Waberski et al., 2011; 
Cheuquemán et al., 2012

Lysotracker Green 
DND-26 (LYSO-G)

Thomas et al., 1997, 1998

Merocyanine 540 Rathi et al., 2001; Gadella and 
Harrison, 2002; Kavak et al., 2003; 
Peña et al., 2004b; Garcia-Macias 
et al., 2007

Naphthol yellow S–aniline blue Christensen et al., 1994
Naphthol yellow S–erythrosin b Christensen et al., 1994
Nigrosin-eosin-Giemsa Tamuli and Watson, 1994

Continued
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Table 6.2. Continued.

Function Stain/probe Reference

Calcium influx/
acrosome reaction

Fluo-3 Parrish et al., 1999; Green and Watson, 
2001; Petrunkina et al., 2001; Peña 
et al., 2004a; Okazaki et al., 2011

Fura-2 Zhou et al., 1990
DNA Fuelgen Hackett and Macpherson, 1965; 

Ball and Mohammed, 1995
DNA integrity (Comet) Electrophoresis assay/ethidium 

bromide/SYBR® Green
Linfor and Meyers, 2002; Fraser and 

Strzezek, 2004, 2005; Boe-Hansen 
et al., 2005a

DNA integrity (FISH) Cy3 probe, DAPI 
(4′,6-diamidino-2-phenylindole)

Fernández et al., 2003

DNA integrity (SCD – 
Sperm Chromatin 
Dispersion test)

DAPI/propidium iodide/
Wright’s stain

Fernández et al., 2003; 
Garcia-Macias et al., 2007

DNA integrity (SCSA® – 
Sperm Chromatin 
Structure Assay)

Acridine orange Ballachey et al., 1987, 1988; Evenson 
et al., 1994; Gadella and Harrison, 
2002; Boe-Hansen et al., 2005b, 
2008; Love et al., 2005; Waterhouse 
et al., 2006; Didion et al., 2009; 
Teague et al., 2010; Tsakmakidis 
et al., 2010; Waberski et al., 2011

DNA integrity (TUNEL) dUTP nick end labelling/
fluorescein/FITC-streptavidin/
propidium iodide 

Gadella and Harrison, 2002; 
Waterhouse et al., 2006; 
Teague et al., 2010

Mitochondrial function JC-1 Shaffer and Almquist, 1948; Gravance 
et al., 2000; Celeghini et al., 2007; 
Garcia-Macias et al., 2007; 
Brinsko et al., 2011b; 
Cheuquemán et al., 2012

MitoTracker Red® Gadella and Harrison, 2002; Waterhouse 
et al., 2006; Celeghini et al., 2007

MitoTracker Green FA Shaffer and Almquist, 1948
Rhodamine 123 Shaffer and Almquist, 1948; Celeghini 

et al., 2007; de Graaf et al., 2007
Viability/membrane 

integrity
Annexin-V–FITC Anzar et al., 2002; Gadella and 

Harrison, 2002; Peña et al., 2003; 
Cheuquemán et al., 2012

Bromophenol blue Boguth, 1951
Calcein acetylmethyl ester (CAM)–

ethidium homodimer-1 (EH)
Althouse and Hopkins, 1995; 

Juonala et al., 1999
Carboxy(methyl) fluorescein 

diacetate (CFDA)
Garner et al., 1986; Harrison and 

Vickers, 1990; Donoghue et al., 1995
Chicago sky blue–Giemsa Kútvölgyi et al., 2006
Congo red–nigrosin Hackett and Macpherson, 1965
Eosin B–aniline blue Hackett and Macpherson, 1965; 

Garner et al., 1997
Eosin–nigrosin Hackett and Macpherson, 1965; 

Graham et al., 1990
Erythrosin–nigrosin Hackett and Macpherson, 1965
Ethidium homodimer-1 (EH) de Graaf et al., 2007
Fast Green FCF–eosin B Hackett and Macpherson, 1965; 

Wells and Awa, 1970; Aalseth and 
Saacke, 1986

Continued
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Table 6.2. Continued.

Function Stain/probe Reference

Fluorescein diacetate Garner et al., 1986
Hoechst 33258 Garner et al., 1986; De Leeuw et al.,

1991; Casey et al., 1993; Juonala 
et al., 1999; Herrera et al., 2002

Hoechst 33342 Keeler et al., 1983; Celeghini et al., 2007
Nigrosin–eosin Hancock, 1952
Nigrosin–eosin–Giemsa Tamuli and Watson, 1994
Propidium iodide (PI) Graham el al., 1990; Harrison and 

Vickers, 1990; Papaioannou et al.,
1997; Celeghini el al., 2007

Propidium iodide (PI)–CFDA Garner et al., 1986; Almid and 
Johnson, 1988; Tamuli and Watson, 
1994; Magistrini et al., 1997

SNARF-1–PI–FITC-PSA Peña et al., 1999; Kavak et al., 2003
SYBR-14/Propidium iodide (PI) Garner et al., 1994; Garner and 

Johnson, 1995; Magistrini et al.,
1997; Nagy et al., 2003; Garcia-
Macias et al., 2007; Boe-Hansen 
et al., 2008; Petrunkina and 
Harrison, 2010; Brinsko et al.,
2011b; Cheuquemán et al., 2012

SYTO® 17 Thomas et al., 1997
Trypan blue–Giemsa Hackett and Macpherson, 1965; 

Didion and Graves, 1988; 
Kovács and Foote, 1992

YoPro-1 Rathi et al., 2001; Gadella and Harrison, 
2002; Kavak et al., 2003; Peña et al.,
2004b; Waterhouse et al., 2006

Fig. 6.9. The components of the phase microscope system: phase turret condenser (centre), phase objective 
lenses (four, bottom) and centring telescope (top right).
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4. With the 10× lens in the forward ‘use’ posi-
tion’, rotate the coarse focusing knob to move 
the stage platform to its highest position.
5. Loosen the knurled condenser locking 
screw on the side of the condenser mounting 
ring (see Figs 6.10 and 6.11).
6. Insert the phase condenser into its mounting 
ring. The top sleeve of the condenser should be 
inserted completely ‘up’ into the mounting ring.
7. Tighten the knurled locking screw to 
secure the condenser in position.
8. Place a specimen drop on a microscope 
slide and cover with a coverslip.
9. Place the slide on the microscope stage and 
adjust the stage so that the edge of cover glass 
is under the 10× lens.

1

2

3

4

Fig. 6.11. The phase microscope showing the condenser (3) in the mounting ring (1). The locking screw 
(2) and the condenser diaphragm (4) are also shown.

Fig. 6.10. Two views of the phase microscope, both showing the condenser mounting ring (1) and 
the locking screw (2).

1

2

(a) (b)

1

2

10. Rotate the phase adjustment control of 
the condenser so that the bright-field (BF) set-
ting is seen at the front.
11. Close the condenser diaphragm using 
the control lever on the bottom side of the 
condenser (see Fig. 6.12).
12. Focus on the edge of the coverslip.
13. Move the slide so that the coverslip is 
approximately centred under the objective.
14. Remove one eyepiece (ocular) and insert 
the phase centring telescope.
15. Rotate the condenser adjustment control 
so that the ‘10’ position is in the forward 
position.
16. Loosen the knurled locking screw on the 
side of the centring telescope.
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17. Hold the knurled screw of the cen-
tring telescope with one hand, grasp the 
top of the centring telescope with the other 
hand and look into the telescope. Slide or 
rotate the inner sleeve of the centring tele-
scope up or down until the phase rings 
(round circles) are clearly in focus. Two 
rings, one black and one white, should be 
seen. Tighten the telescope knurled lock-
ing screw.
18. While looking into the centring tele-
scope, push inwards with each hand the two 
condenser centring screws that extend out-
wards from each side of the phase condenser. 
When completely pushed in, these screws 
engage centring screws within the condenser 
assembly.
19. Continue to look into the centring tele-
scope and turn one of the condenser centring 
screws clockwise while turning the other 

centring screw counterclockwise. Small adjust-
ments should be made. Note the movement 
of the white phase ring of the condenser (the 
black phase ring is actually located in the 

Fig. 6.13. Phase rings of the phase microscope: left – not aligned; right – aligned. Figure by L. Lorton.

Fig. 6.14. Aligning the phase rings of the phase microscope.

1

Fig. 6.12. The phase condenser of the phase 
microscope with the diaphragm control lever (1) 
shown upside down.
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objective and is not moveable). Continue to 
turn both centring screws in small incre-
ments until the white ring is centred directly 
over the black ring (see Figs 6.13 and 6.14).
20. Disengage the two condenser centring 
screws by allowing/pulling both to retract to 
their ‘out’ position. Do not attempt to rotate 
the condenser adjustment control while the 
condenser centring screws are in their ‘in’ 
position.
21. Rotate the condenser control to position 
‘20‘ and then rotate the 20× objective to the 
‘use‘ position. Repeat the phase rings cen-
tring procedure (steps 18–20), if necessary.
22. Repeat the centring steps for the 40× 
(condenser position ‘40‘) and 100× (condenser 
position ‘100‘) objectives, if necessary.
23. Remove the centring telescope and 
replace with the eyepiece. The microscope is 
now ready for use.

Note: When the condenser is in the phase 
positions (10, 20, 40 or 100), the con-
denser diaphragm should be in the 
completely open position. When using 
bright-field microscopy, e.g. with stained 
specimens, rotate the condenser control 
to position ‘BF’ and adjust the diaphragm 
as desired.

Specimen observation

1. Prepare a slide of the semen sample with a 
coverslip and place on the microscope stage.
2. Position the slide such that the edge of 
the coverslip is centred under the 10× 
objective, with the condenser control posi-
tioned at ‘10’.
3. Focus on the edge of the coverslip.
4. Using the stage movement controls, move 
the slide so that the centre of the coverslip is 
approximately under the objective lens.
5. Focus the image, primarily using the ‘fine’ 
focus knob.
6. Change the magnification by turning the 
nosepiece to the desired objective. Set the 
condenser control to the setting matching 
the objective.
7. When using phase contrast lenses, the 
green filter may be fitted on to the recess of 
the light housing or in a filter holder under 
the condenser. A blue filter is often employed 

when using bright-field microscopy, but this 
may also be used for alternative effects 
during phase microscopy.

Differential interference contrast (DIC) micros-
copy is another technique used to enhance 
contrast of objects using a light microscope. 
DIC provides an appearance of the 3D struc-
ture of viewed objects. The physics of this 
technique has also been reviewed by 
Abramowitz (1987). The techniques to set up 
DIC differ by microscope design and model, 
are quite complicated, and therefore will not 
be summarized here. The reader is referred 
to documentation accompanying individual 
microscopes.

Wet smears using phase or DIC micros-
copy may be performed on spermatozoa that 
are unfixed (Saacke and Marshall, 1968) or 
fixed with gluteraldehyde or formaldehyde 
(Hancock, 1957; Pursel and Johnson, 1974; 
Johnson et al., 1976; Barth and Oko,1989; 
Richardson et al., 1992), or on spermatozoa 
that have had their motility inhibited with 
sodium fluoride (Pursel et al., 1972, 1974). 
Potential artefacts associated with the stain-
ing and preparation of smears are avoided by 
the use of wet mounts.

Morphological evaluations are per-
formed at 400–1000× magnification, e.g. 40× 
or 100× (oil) objectives and 10× oculars. 
Several morphological classification systems 
have been used. In some laboratories, mor-
phological abnormalities are classified as 
being ‘primary’ (originating in the testes), 
‘secondary’ (originating during epidydimal 
passage) and ‘tertiary’ (occurring post ejacu-
lation). Blom (1972), as referenced by Barth 
and Oko (1989), suggested a ‘major’ and 
‘minor’ classification scheme, according to 
the importance of the defect with respect to 
fertility. With these schemes, however, it is 
often difficult or impossible to classify a par-
ticular defect. Often, the origin of the defect 
is unknown, its importance is unclear, and/
or spermatozoa may exhibit more than one 
defect. A simpler classification may then be 
used, as follows: abnormal head, abnormal 
acrosome, abnormal tail, proximal cytoplas-
mic droplets, distal cytoplasmic droplets 
and, of course, ‘normal’. COTS, debris, etc., 
should also be noted.
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The integrity of the acrosome can be 
observed using phase contrast or DIC micro-
scopy, and has been correlated with field fer-
tility (Saacke, 1970; Saacke and White, 1972; 
Pursel et al., 1974; Marshall and Frey, 1976; 
Mitchell et al., 1978). High magnification is 
used (e.g. 400–1000×) and 100–200 spermato-
zoa are evaluated. These evaluations are 
labour intensive and repetition by individual 
technicians often causes human eye strain. 
Some laboratories have discontinued the use 
of this assay in lieu of SYBR-14 and PI stain-
ing using fluorescence microscopes or flow 
cytometers.

SEM and TEM can also be used to iden-
tify and study specific sperm abnormalities. 
These techniques require specific and meticu-
lous sample preparation. Individual micro-
scopes are expensive. Samples are often 
transferred to specific laboratories specializ-
ing in these techniques.

Irrespective of the classification scheme 
used, in general a maximum level of 15–20% 
total abnormal sperm is often considered 
acceptable. However, whenever performing 
analyses, it is critical to understand that 
some abnormalities, e.g. nuclear vacuoles, 
are extremely significant with respect to 
fertility. Also, observed abnormalities may 
be indicative of abnormalities that cannot 
be observed, e.g. DNA defects. In these 
cases, the general consideration of 15–20% as 
acceptable must be reconsidered. In essence, 
this issue is the basis of the ‘major’ and 
‘minor’ classification scheme proposed by 
Blom (1972).

It must also be realized that a morpho-
logical evaluation is merely a snapshot of the 
ability of the male to produce ‘normal’ sper-
matozoa. The analysis is performed on a 
sample collected on a particular day and is 
indicative only for that particular collection. 
If the male is young, has been ill, or has been 
exposed to environmental conditions detri-
mental to sperm production, a satisfactory 
semen analysis may indicate adequate/
acceptable semen production. Likewise, an 
unsatisfactory analysis only indicates that on 
that particular day, the collection consisted of 
abnormal cells. In both cases, repeated analy-
ses must be done to clearly elucidate the 
seminal status.

After several satisfactory analyses, 
re  peated in-depth analyses must be done 
on a periodic basis, depending upon the 
frequency of semen collection. In between 
in-depth analyses, laboratory personnel 
should be aware of abnormal sperm during 
routine microscopic semen evaluations, 
e.g. for motility. Salisbury and Mercier (1945) 
provided evidence that data obtained by 
examination of 100 spermatozoa on one 
slide was as reliable as the examination 
of multiple slides and the examination 
of up to 500 cells, although differences 
between technicians may account for 
greater variation (Root Kustritz et al., 1998; 
Brito et al., 2011). The proportion of cells 
examined is, then, extremely low (100–500) 
compared with the total cells (billions) in 
the ejaculate. Kuster et al. (2004b) dis-
cussed the statistical implications of 
sample size when performing morphological 
analyses.

Biological stains, DIC, SEM and TEM 
have all been used to demonstrate various 
sperm abnormaties: in bulls – Blom (1948), 
Saacke and Marshall (1968), Saacke (1970), 
Lorton et al. (1983), Barth and Oko (1989), 
and Foote (1999); dogs – Root Kustritz et al.
(1998); stallions – Blom (1948) and Brito 
(2007); and boars – Kojima (1977), Tamuli 
and Watson (1994) and Briz et al. (1996). See 
also Chapter 3 (Kaya et al.) and Chapter 7 
(Chenoweth and McPherson) for reviews 
of environmental and genetically induced 
abnormalities, respectively. Phase and DIC 
microscopy of wet smears has been used 
extensively to characterize acrosomal changes 
due to sperm ageing in vitro (Pursel et al.,
1972, 1974; Saacke and White, 1972; Johnson 
et al., 1976; Aalseth and Saacke, 1986) and 
after freezing-thawing of ejaculates (Mitchell 
et al., 1978).

Sperm membrane integrity

Sperm membrane integrity has been used exten-
sively to evaluate sperm quality using three 
methods: (i) stains – in bulls (Garner et al., 1994; 
Brito et al., 2003), in boars (Fraser et al., 2001) and 
in stallions (Brinsko et al., 2011b); (ii) incubation
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in hyperosmotic media – in rams (Curry and 
Watson, 1994) and in stallions (de la Cueva 
et al., 1997); and (iii) incubation in hypo-osmotic 
media – in bulls (Bredderman and Foote, 
1969; Rota et al., 2000; Quintero-Moreno et al.,
2008; Rubio et al., 2008; Sahin et al., 2008), in 
dogs (Hishinuma and Sekine, 2003; Pinto and 
Kozink, 2008), in donkeys (Rota et al., 2010), 
in rams (Curry and Watson, 1994), in stallions 
(Neild et al., 1999; Almin et al., 2010), and in 
turkeys (Donoghue et al., 1996). The SYBR-14
and PI stain combination is commercially 
available from Life Technologies (formerly 
Invitrogen) Molecular Probes® LIVE/DEAD®

Sperm Viability Kit for use with the flow 
cytometer and fluorescence microscope. 
Johansson et al. (2008), Foster (2009), Morrell 
et al. (2010) and Foster et al. (2011a,b) have 
validated the use of the NucleoCounter®

SP-100™ for measurement of membrane 
integrity. Because of its simplicity and assay 
speed (approx. 2 min for both sample prepar-
ation and the total cell and membrane integ-
rity assays), the SP-100™ is easily adapted for 
use in the andrology laboratory. The flow 
cytometer has also been used to determine 
membrane integrity (Thomas et al., 1997; 
Nagy et al., 2003; Morrell et al., 2010; Foster 
et al., 2011a; see Plate 5). Flow cytometers are 
expensive and require specialized training, 
although Odhiambo et al. (2011) demonstrated 
the availability and accuracy of a relatively 
simple and easy-to-use instrument.

Sperm membrane integrity assays are 
often referred to as ‘viability’ tests. At the time 
of assay, some spermatozoa may have dam-
aged membranes and, therefore, the assay 
may indicate loss of membrane integrity, even 
though some of these cells may be motile and 
viable. The fact that these particular cells have 
damaged membranes may, however, be indi-
cative that they will not survive in vitro or 
in vivo as long as other cells.

Changes or defects of the spermatozoan’s 
chromatin are non-compensable abnormalities 
and significantly affect fertility. Evenson and 
colleagues (Evenson et al., 1980; Ballachey et al.,
1987, 1988) developed the SCSA® (Sperm 
Chromatin Structure Assay, SCSA Diagnostics, 
Volga, South Dakota, USA), which measures 
the percentage of sperm with fragmented DNA 
after denaturation of the DNA and staining 

with acridine orange. Double-stranded DNA 
will fluoresce green, while single-stranded
DNA fluoresces red (see Plate 5). These 
authors and others have demonstrated that 
the amount of DNA fragmentation as meas-
ured by SCSA® (or acridine orange staining) 
is related to the fertility of various species: 
boars (Evenson et al., 1994; Didion et al., 2000, 
2009; Boe-Hansen et al., 2008; Tsakmakidis 
et al., 2010); bulls (Ballachey et al., 1987, 1988; 
Sailer et al., 1995; Waterhouse et al., 2006); 
rams (Sailer et al., 1995); and stallions (Kenney 
et al., 1995; Sailer et al., 1995; Love and Kenney, 
1998; Love, 2005). Evenson (1999) and 
Marchesi and Feng (2007) have described the 
potential origin of DNA fragmentation.

The SCSA®/acridine orange technique is 
considered the ‘gold standard’, though other 
techniques for measuring DNA damage have 
been developed: the Comet assay, which eval-
uates DNA strand breaks in single cells (Linfor 
and Meyers, 2002; Boe-Hansen et al., 2005a); 
the Tunel assay, which measures the amount of 
3′-OH ends of DNA using terminal deoxynu-
cleotidyl transferase dUTP nick-end labelling 
(Anzar et al., 2002; Waterhouse et al., 2006); and 
the Sperm Chromatin Dispersion (SCD) test 
(Fernández et al., 2003; Garcia-Macias et al.,
2007; de la Torre et al., 2007). These assays have 
been compared by several authors (Evenson, 
1999; Evenson and Wixon, 2005; Chohan et al.,
2006; Teague et al., 2010) and have been used to 
measure various aspects of semen quality, for 
instance, the effects of: cryopreservation – in 
chickens (Gliozzi et al., 2011) and in boars 
(Fraser and Strzezek, 2005); storage of fresh-
cooled boar semen (Boe-Hansen et al., 2005b; 
Waberski et al., 2011); extender differences 
(Karabinus et al., 1991); age of the male 
(Karabinus et al., 1990); and experimental scro-
tal insulation (Karabinus et al., 1997).

Some laboratories now use in-house 
either the acridine orange assay or the com-
mercial SCSA® assay, but many depend upon 
subjective microscopic motility measurements 
and morphology analyses. Numerous mor-
phological abnormalities have been identified 
(see, for example, Barth and Oko, 1989), but 
the effects of some of these abnormalities are 
unknown, especially in cases where the inci-
dence of the abnormality is low (and possibly 
compensable). Fertility measurements are 
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often deficient and inaccurate as a result of the 
lack of availability and sufficient quantity of 
field information. Barth (1989a,b) has reviewed 
the influence of spermatozoal abnormalities 
on pregnancy rates in cattle. The influence of 
several more common abnormalities has also 
been evaluated with respect to their influence 
on in vivo and in vitro fertility, e.g. sperm head 
shape in cattle (Barth et al., 1992; Saacke et al.,
1998; Al-Makhzoomi et al., 2008); presence of 
cytoplasmic droplets in boar (Waberski et al.,
1994; Fischer et al., 2005; Lovercamp et al.,
2007a,b), dog (Peña et al., 2007) and bull 
(Amann et al., 2000) spermatozoa; presence of 
nuclear vacuoles (Pilip et al.,1996); and pres-
ence of knobbed acrosomes (Barth, 1986; 
Thundathill et al., 2000).

Fourier harmonic amplitude (FHA) 
analysis of sperm nuclear shape

FHA analysis has been used to study the 
nuclear shape of spermatozoa and its relation-
ship to the sperm morphology and fertility of 
boars and bulls (Ostermeier, 2000; Ostermeier 
et al, 2001; Enwall, 2009; Rahman et al., 2011; 
Parrish et al., 2012). These authors have identi-
fied boars with reduced fertility, i.e. mean far-
rowing rate, and significant differences in 
harmonic amplitudes of the sperm nuclear 
shape. The sperm of bulls with reduced fertil-
ity have that are smaller in overall size and 
have a longer length component. The authors 
concluded that some of the differences in 
nuclear shape between high and low fertility 
animals may be explained by varying levels of 
chromatin stability as examined using SCSA. 
Saravia et al. (2007) studied boar sperm head 
shape using an automated sperm morphology 
analyser. In this study, sperm head shape was 
not correlated to chromatin integrity, possibly 
due to the high quality and low variation of 
the quality of the semen studied.

Estimation of Spermatozoal Motility

Since the first observations of sperm by 
Leeuwenhoek and Hartsoeker in the late 17th 
century (as referenced in the historical review 
by Afzelius and Bacetti, 1991), andrologists 

have observed and evaluated semen from vari-
ous species using the compound microscope. 
Visual microscopic evaluations are very sub-
jective, as the human eye concentrates on the 
moving cells. The evaluation of several micro-
scopic fields at 200× magnification, dilution of 
samples in an iso-osmotic medium, and the use 
of phase contrast optics, improves observations 
but does not eliminate subjectivity.

As advancement/modification of earlier 
work by Rothschild (1953), Elliott et al. (1973) 
and Van Dellen and Elliott (1978) described a 
2 s timed-exposure photographic procedure 
utilizing dark field microscopy for objectively 
measuring the percentage of progressively 
motile spermatozoa. Samples were prepared 
in pre-warmed Petroff-Hausser counting 
chambers (Fig. 6.15a). Six predetermined 
positions within each chamber were photo-
graphed. The film negative strips were devel-
oped and the six fields of each sample were 
projected on to a white wall or screen for 
analysis. The projected images represented 
the ‘positive’ representations (Fig. 6.15c) of 
the dark-field microscopic images (Fig. 6.15b). 
Technicians could easily, quantitatively and 
repeatably, count the sperm tracks resulting 
from the 2 s exposures and the non-motile
cells. The improved objectivity, compared 
with visual estimates, of this technique over-
shadows the increased expense and labour 
involved. Makler (1978) and Revell and Wood 
(1978) published modifications of Elliott’s 
photographic procedure. Today, digital pho-
tography could be used to advance this 
technique.

In the early 1980s, in the laboratory of R.H. 
Foote, analogue video recordings of sperm 
samples were made (approximately 15 s each 
of several fields per sample) using standard 
commercial equipment integrated with a 
bright-field microscope (see, for example, 
Parrish and Foote, 1987). Superimposed audio 
was used to identify samples numerically. 
Sample numbers were recorded elsewhere 
along with experimental treatment identifica-
tions, etc. Recordings were replayed on to a 
standard television monitor and observed 
simultaneously by three to four investigators, 
who independently and ‘blindly’ evaluated 
sample motility. Although also labour inten-
sive, data obtained using this proceedure were 
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Fig. 6.15. (a) The modified Petroff–Hauser chamber used by Elliott et al. (1973) for their timed-exposure photographic tracking procedure for the estimation of 
sperm motility. (b) Dark field image of 2 s timed-exposure tracking. (c) ‘Inverse’ or positive image of 2 s timed-exposure tracking. The images were projected on to a 
blank wall or screen for the analyses. The sperm tracks are easily counted, as are the immotile ‘dead’ sperm that show no tracks. Figure (a) by L. Lorton; figures (b) 
and (c) by S. Lorton.
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more objective than from individual micro-
scopic evaluations. Liu and Warme (1977) and 
Amann and Hammerstedt (1980), using video 
films, and then Budworth et al. (1987), using 
35mm films, later reported the use of a micro-
computer system to analyse digital images of 
sperm motility.

Other investigators (Rikmenspoel, 1964; 
Atherton, 1975; Mayevsky et al.,1980) reported 
techniques for measuring spermaozoal motil-
ity. These techniques, however, did not pro-
gress with time, mostly as a result of the 
technical advancements and miniaturization 
of computer systems.

Katz et al. (1985) described the real-time
assessment and kinemetric analysis of sperm-
atozoal motility using computer-assisted 
semen analysis (CASA), though the term 
CASA was not used until later. Mortimer 
(1990) reviewed in detail the early historical 
development of CASA sytems, which digitize 
in multiple frames video images similar to the 
tracking photographs of Elliott et al. (1973) – 
albeit that the early computer processing 
units (CPUs) resulted in extremely slow ana-
lyses. The identification and characterization 
of spermatozoa in non-optically clear extend-
ers, e.g. containing egg yolk or milk, resulted 
in inaccurate analyses. As CPUs advanced, 

the incorporation of improved microscopic 
techniques, e.g. negative phase contrast, fluor-
escence staining of DNA and tail detection,
improved the speed of analysis and differen-
tiation of spermatozoa from COTS and media 
particles (egg yolk and milk).

Davis et al. (1992) and Mortimer (2000) 
described in detail the characteristics of 
sperm movement as analysed by CASA. 
In addition to total spermatozoal motility 
and progressive motility, CASA systems use 
algorithms to calculate spermatozoal con-
centration and various velocity parameters. 
Users establish system set-up parameters to 
define minimum characteristics of velocity 
and progressive motility. These parameters 
may vary between systems and users; there-
fore, attempts to compare data are often 
difficult. Different sample chambers are 
available for use in CASA systems. Chambers 
of 10–20 mm in depth are preferred to mini-
mize any inability to detect and monitor 
sperm cell concentration and movement as a 
result of cells moving in and out of the focal 
plane. Several manufacturers provide dis-
posable chambers of fixed depth. The Leja®

chamber (Leja Products B.V., Netherlands) 
is widely used with many CASA systems 
(see Fig. 6.16), although motility variation 

Fig. 6.16. The Leja® counting chamber, which is used with many computer assisted semen analysis 
(CASA) systems. Photo by L. Lorton.
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has been reported when evaluating samples 
for progressive motility and velocity in 
different locations within these chambers 
(Hansen, 2009). Douglas-Hamilton et al.
(2005a,b) described the Segré–Silberberg (SS) 
effect, which explains inconsistent filling of 
sperm in low-volume, capillary-filled count-
ing chambers, and the resulting effects on the 
estimation of sperm concentration. These 
authors computed a compensation factor for 
use in a CASA to correct for the SS effect. 
Several commercially available CASA sys-
tems allow the use of such a factor.

CASA systems have the distinct advan-
tage of increased data objectivity, especially 
with respect to total and progressive motility, 
compared with visual microscopic analyses. 
Many authors have used CASA in attempts to 
estimate or predict fertility. See, for example: 
in boars (Evenson et al., 1994; Holt et al., 1997; 
Hirai et al., 2001; Quintero-Moreno et al., 2004; 
Ruiz-Sánchez et al., 2006); in bulls (Budworth 
et al., 1988; Farrell et al., 1998; Palmer and 
Barth, 2003; Kathiravan et al., 2011 – a review); 
in stallions (Kirk et al., 2005; Hodder and 
Liu, 2011; Love, 2011). However, none of the 
reported analyses of CASA data have identi-
fied a technique that clearly differentiates animal 
fertility levels in the andrology laboratory. 
This is especially true in the case of dairy
bulls in stud, because their fertility levels (as 
measured by non-return rate) vary only by 
approximately ten percentage points. Quintero-
Moreno et al. (2004) and others have suggested 
that CASA data, as well as other laboratory 
assays, may be significantly correlated with 
field fertility.

Holt et al. (2007) discussed interpretation 
and problems associated with CASA data, 
and suggested that the evaluation of subpop-
ulations of spermatozoa within ejaculates 
might be more beneficial than evaluating data 
means. Several authors (Abaigar et al., 1999; 
Peña et al., 2005; Núñez-Martínez et al., 2006; 
Ortega-Ferrusola et al., 2009) have identified 
subpopulations of sperm in ejaculates using 
CASA. They suggested that these analyses 
provide additional and better information 
related to semen quality, semen freezability 
and animal fertility than conventional ana-
lyses. Su et al. (2012) have developed a 3D sperm 
tracking system; these authors can record the 

movement characteristics of a large number of 
cells, though the usefulness of their technique 
awaits further investigations.

Some andrology laboratories perform a 
post-thaw incubation or ‘stress’ test as an 
evaluation of sample quality or ‘fertility’. 
After thawing, samples are evaluated for pro-
gressive motility, and then incubated typic-
ally at 37°C for up to 2 h, at which time 
another progressive motility evaluation is 
performed. The difference between the motil-
ity values before and after incubation, or the 
motility after incubation, are used as a quality 
assessment. Data in the literature document-
ing the correlation of these data with fertility 
are ambiguous (see Saacke, 1983; Vianna et al.,
2009). It should be remembered that tech-
niques and media (extender) used for these 
in vitro assays do not simulate the in vivo
conditions in the female reproductive tract. 
Individual laboratories have established their 
own criteria for the characterization of sam-
ple quality based upon this assay and the 
methodology used in the particular labora-
tory. Saacke and White (1972) and Saacke 
(1983) described their data showing that sperm-
atozoal quality, i.e. the acrosome integrity, of 
fresh semen is superior to that of frozen–
thawed semen after incubation for up to 4 h at 
37°C. The difference observed in semen qual-
ity after incubation may be indicative of a loss 
of membrane integrity, as evidenced by the 
Saacke and White (1972) data. Freeze–thaw 
events cause the loss of membrane integrity 
by some spermatozoa in the sample, and 
those with the membrane damage may be 
motile immediately post thaw, but may not 
survive the incubation test for as long as those 
without membrane damage.

Spermatozoal Migration In Vitro

Kremer (1965) reported a simple in vitro tech-
nique to measure the ability of spermatozoa to 
migrate in cervical mucus. Kummerfeld et al.
(1980, 1981a,b), using cervical mucus collected 
from cows in oestrus, attempted to correlate 
in vitro spermatozoal migration with bull 
non-return rate. These authors concluded that 
in vitro spermatozoal migration assays could 
not be used to differentiate the small range of 
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fertility of bulls in stud. They also demon-
strated significant effects of cervical mucus 
samples and storage time on in vitro migration 
assays, and suggested that a synthetic medium 
(Lorton et al., 1981) could be used to overcome 
these effects. Parrish and Foote (1987) used 
this polyacrylamide medium for migration 
assays and demonstrated significant correla-
tions between spermatozoal motility and 
migration distance. The percentage of sperm-
atozoa with intact acrosomes, migration dis-
tance in synthetic medium, spermatozoal 
number after a swim-up procedure and per-
centage spermatozoal motility were used in a 
regression model to predict bull non-return 
rate, an R2 value of 0.686 was calculated.

Murase et al. (1990) stored cervical mucus 
collected from cows in oestrus at –80°C and 
subsequently evaluated the in vitro migration 
of freshly collected bull semen. Results from 
this study indicated a positive correlation of 
spermatozoal migration and fertility, and 
semen samples that exhibited more than a 
60 mm mucus penetration distance were rep-
resentative of bulls that had a non-return rate 
of greater than 60%. Using frozen–thawed sex-
sorted and non-sorted ram semen, de Graaf 
et al. (2007) evaluated in vitro spermatozoal 
migration in a commecially prepared sodium 
hyaluronate medium. Non-sorted spermato-
zoa migrated in greater numbers to an end 
position of 1 cm than did sex-sorted spermato-
zoa. Robayo et al. (2008) provided evidence 
that various velocity parameters measured by 
CASA were significantly correlated with the 
ability of ram spermatozoa to migrate in vitro
through ewe oestrus cervical mucus.

Microbiological Evaluation 
of Semen

Since the late 1940s, antibiotics have been rou-
tinely added to bovine semen (see review by 
Foote, 1976). Before and after entering studs, bulls 
are monitored for various microorganisms and 
viral agents that may be present and could be 
transferred within semen. Sulfanilamide, peni-
cillin or streptomycin, then penicillin, dihy-
drostreptomycin and polymixin B and, more 
recently, gentamicin, tylosin, lincomycin and 
spectinomycin became the standard cocktail for 

addition to the raw semen and in the extender 
(Lorton et al., 1988a,b; Shin et al., 1988).

In the USA, the minimum requirements 
for the health of bulls and the effective use of 
antibiotics in frozen semen are under the 
guidelines of the Certified Semen Services of 
the National Association of Animal Breeders 
(see: http://www.naab-css.org/about_css/
Final CSS Min Req - Jan 2014.pdf). Similar 
health and antibiotic requirements exist in 
other countries, and are typically required for 
the international trade of semen. The antibiot-
ics serve as a secondary line of defence against 
semen-borne organisms, especially to combat 
those that might occur between routine bull 
health testing. Most, if not all, antibiotics are 
to semen quality detrimental at some concen-
tration. Further, the level of antibiotics used 
in semen is not typically sufficient to combat 
disease, infection or poor management prac-
tices. The microbiological evaluation of 
bovine semen is also routine after observation 
of COTS and/or when reproductive tract 
infection is suspected.

International trade in bovine, equine and 
canine semen requires additional microbiologi-
cal culture according to individual country 
requirements. Canine and equine semen are 
also cultured after observation of COTS and/
or when reproductive tract infection is sus-
pected (see reviews by Johnston et al., 2001 and 
Tibary et al., 2009, respectively). Potassium 
penicillin and streptomycin are common addi-
tives in canine semen extenders, while ticarcillin, 
amikacin, potassium penicillin or gentamicin 
are commonly used in equine extenders 
(Varner et al., 1998; Brinsko et al., 2011a).

Extended boar semen is primarily distrib-
uted after cooling to 16–18°C. Gentamicin is 
the most common antibiotic additive to 
extenders, although some manufacturers 
include others in their products (see reviews 
by Althouse and Lu, 2005 and Althouse et al.,
2008). In the USA, it is common practice at 
boar studs to routinely, e.g. weekly, send sub-
samples of commercially prepared semen 
doses to commercial laboratories or veterin-
ary diagnostic facilities for quality assurance 
analyses. These analyses typically include 
progressive motility, number of spermatozoa 
per dose and microbiological culture. In addi-
tion, samples are also sent routinely to specific 
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diagnostic laboratories for PRRS (porcine 
reproductive and respiratory syndrome) virus 
screening (Rovira et al., 2007; Reicks, 2009).

Conclusion

The overall objective in the andrology labora-
tory is to produce high-quality artificial 
insemination doses and to evaluate semen 
samples as a major part of breeding sound-
ness examinations. To achieve this goal, and 
therefore to achieve the maximum level of fac-
tor ‘C’ of Bartlett’s Equation of Reproduction, 
a simple, fast, specific and reproducible sperm-
atozoal evaluation procedure, and one that is 
also highly predictive of fertility potential, is 
coveted. With frozen semen, e.g. bovine, 
equine and canine semen, speed of assay is 
not as critical as in the case of fresh cooled 
semen, e.g. equine, canine and porcine semen, 
when processing and evaluation time is mini-
mal owing to the requirement for transport of 
the semen to the field. Unfortunately, to date, 
such an assay is not at hand. Instead, laborator-
ies utilize one or more of the available assays 
and depend to some degree on ‘art’ rather 
than on science to achieve their goals.
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Staining is a useful adjunct to the microscopic 
examination of spermatozoa. Various dyes react 
differently when mixed with sperm cells. All cells 
are stained by rose bengal or bengal red; these 
dyes are therefore useful for morphological stu-
dies. Water soluble halogenated derivatives of 
fluorescein, eosin B, eosin Y, and erythrosin B 
will stain dead spermatozoa (28). Recently fluo-
rescent dyes have been used to stain spermato-
zoa in opaque media (1, 2, 38, 39). Feulgen DNA 
stain is used to estimate the DNA content of 
spermatozoa (32).

The purpose of this paper is to review and 
outline the preparation, procedures and dyes used 
to stain spermatozoa. For these purposes it is con-
venient to divide them into morphological, dif-
ferential, fluorescent and Feulgen DNA stains.

Morphological Stains

The most frequently used dye for morphologi-
cal staining is rose bengal. Bengal red, Belling’s 
iron aceto-carmine, India Ink, Alkaline Methyl 
Violet Solution, Giemsa or Heidenhain’s iron 
hematoxylin are generally used for more specific 
purposes. An example is the use of India Ink as a 
contrast medium to outline the acrosome.

Rose Bengal

Preparation
Rose bengal.................................... 3 gm.
Formalin 40%..................................1 ml.
Distilled water...............................99 ml.

Dissolve the stain in the water and formalin 
and sterilize.
Staining Method

Place a drop of semen on a clean slide.
Make a thin film by drawing another slide up to 

the drop until the semen spreads to the edges of 
the upper slide, gently push the upper slide across 
the lower slide at a 30° angle away from the drop.

Dry overnight or fix with low heat.
Stain for five min.
Wash gently in distilled water.
Dry and examine.
This method was used by Herman and 

Swanson (21) for whole semen. It is possible to 
see protoplasmic droplets if the slide is examined 
before drying. This dye is suitable for staining all 
mammalian spermatozoa.

Bengal red may be used in a similar manner.

Belling’s Iron Aceto-carmine

Preparation
Sodium citrate dihydrate in distilled water 2.9%
Bouin’s fixative.

Saturated aqueous picric acid 75 ml.
Formalin 40%..........................25 ml.
Acetic acid... ..............................5 ml.

Belling’s iron aceto-carmine
Ferric hydrate solution–small amount of ferric 

hydrate dissolved in 45% acetic acid.
Prepare ordinary aceto-carmine by adding an 

excess amount of powdered carmine to a 45% 
solution of boiling glacial acetic acid. Cool and 
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filter. To this add a trace of a solution of ferric 
hydrate dissolved in 45% acetic acid until the liq-
uid becomes bluish red with no visible precipitate. 
If the stain is too dark, more aceto-carmine may be 
added or it may be diluted with 45% acetic acid.
Staining Method

Flood a slide with a mixture of 0.16 ml. whole 
semen and 15 ml. of 2.9% sodium citrate 
dihydrate.

Allow the excess to drain off.
Fix the remaining sperm with Bouin’s fixative.
Dry and rinse.
Stain in Belling’s iron aceto-carmine for 20 

minutes or longer.
Cummings (12) used this procedure for stain-

ing bull spermatozoa and found it satisfactory for 
counting abnormal sperm.

Alkaline Methyl–Violet Solution

Preparation
Make up stock solutions as follows in distilled 

water. Sterilize with heat.
A. Sodium chloride solution 1%.
B. Sodium carbonate solution (Na2 CO3 sicc.) 1%.
C. Methyl-violet solution (stain quality: 6B) 1%.
While solution C will keep for a year or more, 

the mixture mentioned below, using solutions B 
and C, must be used within ten minutes.
Staining Method

The sample is diluted with 1% sodium chloride 
solution. Best smears can be obtained when 
the mixture contains about 200,000 sperms per 
cmm. For the average concentration of bull 
semen this mixture is attained by mixing about 
one part semen with four to five parts sodium 
chloride solution.

After thorough mixing (avoid the formation of 
scum) a suitable drop is picked up with a glass 
rod and smeared on a slide free of grease using 
the rod or the edge of a slide. Dry in air. With 
some experience and with samples of lower con-
centration, dilution may be omitted and the 
semen smeared directly in a thin film by means 
of a glass rod. Such preparations must be fixed 
and stained immediately.

The preparation is fixed by being passed several 
times through a flame, or by passage in alcohol.

Wash the slide with distilled water. Pour off 
the water.

One part of 1% sodium carbonate solution is 
mixed thoroughly with nine parts of 1% methyl-
violet solution immediately before use. Pour 

some of this on to the still moist preparation and 
leave for four to five minutes.

Pour off the stain and wash the preparation with 
flowing distilled water; three or four vigorous jets 
from a wash-bottle will suffice; do not wash more 
than ten to fifteen seconds in all. Blot with filter 
paper. Dry by passing the slide two or three times 
through a flame.

Mount with neutral Canada balsam 
(differentiation).

Various mammalian spermatozoa, which will 
appear a violet colour, may be stained using this 
procedure (6).

India Ink

Preparation
India Ink1

Staining Method
Place a small drop of semen on a clean slide.
Add about ten times as much India Ink.
Gently mix with a swab stick or by tilting the 

slide from side to side. Smearing is carried out by 
placing another slide over the drop and allowing 
the mixture to spread. Carefully separate the 
slides. If slides are too dark, use another clean slide 
and repeat until the right intensity is obtained. Dry 
and examine.

Some inks have not proven satisfactory. If dif-
ficulty is experienced various available brands 
should be tried.

This technique gives a good morphological 
picture of various mammalian spermatozoa and 
outlines the acrosome. No fixing or initial smear-
ing is required.

Giemsa Stain

Preparation
Giemsa (Gurr).......................................3 ml.
Sorensens phosphate buffer 

(pH 7.0) .............................................2 ml.
Glass distilled water.............................35 ml.

Mix and sterilize.
Staining Method

Make smear.
Dry in air or on warm stage.
Fix in neutral formal-saline (5% formalin) for 

30 minutes.
Stain for one and one-half hours.
Some differences in morphology of live 

and dead cells at time of mixing may be dis-
tinguished (18).
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Heidenhain’s Iron Hematoxylin

Preparation
M/15 phosphate buffer (pH 7.6).
Osmium tetroxide vapour.
Two and one-half per cent ferric alum solution 

(ammonio-ferric sulphate).
Hematoxylin
DPX2

Staining Method
Dilute semen in M/15 phosphate buffer pH 7.6.
Make smears and air dry.
Fix in osmium tetroxide vapour for ten min-

utes at 37° C.
Wash overnight in running tap water.
Mordant3 24 hours in two and one-half per 

cent ferric alum solution.
Stain for similar period in hematoxylin.
Differentiate in fresh alum solution.
Mount in DPX.
The acrosomes of cells which were living at the 

time of staining show up less than those which 
were dead at the time of staining (18).

Differential Stains

As early as 1927, Devereux and Tanner (13) 
reported that yeast cells varied in colour when 
stained with congo red, eosin, erythrosin, methyl 
green, neutral red, safranin (0.5%), gentian violet 
(0.4%), indigo carmine (3.33%), and methylene 
blue (0.01 to 0.05%). Congo red and eosin gave a 
faint pink colour and erythrosin gave a dark pink 
colour. Except for methylene blue (0.01%), the 
other dyes were unsatisfactory for differentiating 
live from dead cells. More recently, Hanks and 
Wallace (20) stated that live tissue culture cells 
have the ability to exclude eosin. Phillips and 
Terryberry (32) have found that tissue culture 
cells also exclude trypan blue and erythrosin. 
Katsube and Blobel (22) found that viable leuco-
cytes also exclude trypan blue. Stulberg et al. (35) 
and Stulberg (36) used trypan blue for an indica-
tor of viable strains of animal cells. Wales (41) 
used trypan blue, eosin and erythrosin as an aid 
in the estimation of the percentage of “live” 
human and dog spermatozoa. Blackshaw (5), 
using congo red, reported better results and 
stated that up to 15% glycerol in diluted semen 
has no detrimental effects on the staining results. 
This is contrary to Mixner and Saroff (31) who 
reported that levels above 4% glycerol would 
adversely affect the staining results.

Wales and White (40, 42) postulated that dead 
cells stain because of a change in permeability 
which results in a loss of ions and other sub-
stances and a disruption of the cell surface. 
Emmens and Blackshaw (16) and Mayer et al.
(28) reported that staining of dead cells might 
not occur if the pH, osmotic pressure or stain 
concentrations vary within a narrow range. 
Staining did not occur if stains were not in solu-
tions containing highly ionizable salts.

Eosin B Opal Blue4

Preparation
M/8 phosphate buffer: (pH 7.4) 80.4 ml. M/8 

Na2 HPO4 and 19.6 M/8 KH2 PO4

Stain A. Eosin B (water and alcohol soluble) 
2% M/8 phosphate buffer (pH 7.3)

Stain B. One part opal blue
(undiluted)

One part M/8 phosphate 
buffer (pH 7.4)

A staining mixture of one part A and one part 
B is approximately isotonic with semen and has a 
pH of near 6.7.
Staining method

Place a drop of stain on a clean glass slide.
Mix the amount of semen which adheres to a 

glass stirring rod, to the dye.
Make a thin film between the surfaces of two 

slides (similar to India Ink technique).
Dry on a warm plate at 40° C.
The posterior portion of the sperm head will 

stain with varied intensity from red to dark purple; 
the anterior part of the head usually stains a light 
pink and occasionally not at all. The sperm that do 
not take the dye appear as a clear outline against a 
light blue background (23). This staining technique 
is used for ram spermatozoa but would probably be 
effective for other mammals also. Macleod (24) was 
unable to duplicate the results with human sperm. 
Glynden et al. (17) used a similar mixture contain-
ing 0.4 gm. water soluble eosin B in 50 ml. isos-
motic phosphate buffer and 14 ml. opal blue.

Eosin B–Fast Green F C F

Preparation
M/8 phosphate buffer (pH 7.35) (one part 

M/8 monosodium phosphate and four parts 
disodium phosphate).......................100 ml.

Eosin bluish (Eosin B water and alcohol 
soluble)..............................................0.8 gm.

Fast Green F C F..................................... 2 gm.

}pH 5.7
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Mix and sterilize by heating. The final pH of 
the mixture is 7.25.
Staining Method

Use the technique similar to Eosin B Opal Blue.
Dead cells are deep purple to red (16, 28, 29). 

This procedure is useful in staining human, bull, 
rabbit, ram and stallion semen. Erythrosin bluish 
0.8% (Erythrosin B) may be substituted for eosin 
B. Sometimes 0.4% erythrosin and 0.4% eosin 
solutions are used, although best results are 
obtained using 0.8% solutions.

Eosin B–Aniline Blue

Preparation
M/8 phosphate buffer 

(pH 7.3–7.4).......................................100 ml.
Eosin B (water and alcohol 

soluble)................................................. 1 gm.
Aniline blue (water soluble).....................4 gm.
Dissolve the eosin and aniline in the phos-

phate buffer and sterilize by heating.
Filter when cool.
Staining Method

Smears may be made as previously outlined or 
by mixing a drop of stain with a drop of semen on 
a slide and spreading by means of another slide 
similar to the rose bengal technique.

Shaffer and Almquist (34) used this mixture 
and found aniline blue to be a good background 
stain. They noted that the percentage differences 
of unstained cells due to buffer concentrations 
were not statistically significant while those due 
to pH (pH of mixture is 7.2) were significant at 
the 5% level.

At this laboratory this stain was found unsatis-
factory for frozen semen diluted in sterile milk 
(25). It was toxic to spermatozoa stored over-
night at 5° C.

Cascarrett (9) observed good results using 
eosin-aniline blue dye for staining human and 
dog semen.
Preparation

Eosin (water and alcohol soluble in distilled 
water) 5%............................... ....one volume

Phenol in distilled water 1%..........one volume
Aniline-water soluble in distilled 

water 5%...................................two volumes
Mix and filter.
Fixative–equal parts of alcohol and ether.

Staining Method
Liquefy semen for 30 to 60 minutes.
Make thin even smears.
Fix for three minutes and air dry.

Stain five to seven minutes at 40–60° C.
Wash in distilled water.

Revector Soluble Blue

Preparation
Revector soluble blue 706........................1 gm.
Glucose..................................................1.5 gm.
Sodium chloride.....................................0.1 gm.
Na2HPO4 · 12H2O................................0.3 gm.
KH2 PO4.............................................0.0005 gm.
Distilled water..........................................50 ml.

Mix the reagents in distilled water.
This solution can be made up fresh or placed 

in 1 ml. ampoules and autoclaved for later use.
Counterstain–neutral red 1%.
Fixative–one-half volume saturated solution of 

mercuric chloride in distilled water and one-half
volume absolute alcohol; followed by 90% alco-
hol containing a few drops of iodine in potassium 
iodide to give a straw coloured solution.
Staining Method

Place four to five drops of seminal fluid on a 
clean slide or in a small test tube and add one 
drop of supravital dye and mix well.

Leave mixture for two to three minutes.
Withdraw one drop.
Make a thin smear on a clean dry slide and air dry.
Fix for 15–20 seconds.
Dip in alcoholic iodine and in 90% alcohol.
Dry.
Counterstain in neutral red.
Rinse in water.
Differentiate with care in 90% alcohol.
Dry.
These slides may be examined as prepared or 

passed through absolute alcohol and xylol and 
mounted in Canada balsam. The dead nuclei 
stain blue or purple while the live nuclei are clear
red. A few non-nucleated forms remain unstained. 
This stain is used mainly for human semen and 
does not kill the spermatozoa (11). It is said to 
show viability and abnormalities of spermatozoa 
while only taking four minutes to complete.

Eosin Nigrosin

Preparation
A. Eosin (water and alcohol soluble) in distilled 

water, 5%.
B. Nigrosin (water soluble) in distilled 

water, 10%.
If A and B are sterilized by heat and remain 

separated, they may be stable for several years.
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Staining Method
Place a small drop of semen on a clean slide.
Place two small drops of eosin on the slide.
Place four small drops of nigrosin on the slide.
With a glass rod, mix the semen and eosin 

thoroughly till homogeneous, then mix with the 
nigrosin.

Stir for a few seconds.
Smear on a slide.
Dry over a flame.
The mixing and smearing should not take over 

one minute. A thin smear is important.
This technique was used by Blom (7) and also 

by Williams and Pollack (44) when opal blue was 
unobtainable. In this laboratory, this technique 
was found unsatisfactory for applications to 
semen frozen in sterile milk diluent. Five per cent 
eosin was toxic to spermatozoa although 10% 
nigrosin was not toxic. Emmens and Blackshaw’s 
observation (16) that eosin tends to diffuse into 
previously unstained cells was confirmed.

Hancock (18, 19) and also Campbell, et al. (8) 
modified Blom’s technique by using eosin Y with 
different dilutions of semen and stain. Swanson and 
Beardon (37) found that 1% eosin and 5% nigrosin 
were better combinations of the dyes. No differ-
ence was noted if the percentage of concentration 
of eosin and nigrosin were changed to between 50 
and 200% of the original. A range in pH 6.4–8.5 and 
dilutions of semen to stain of 1:1 to 20:1 were not 
harmful. A diluter of three to four parts of 3% 
sodium citrate dihydrate and one part of egg yolk 
was used to extend semen and very little differences 
in the live–dead ratios were observed.

Dott (14) observed the partial staining of 
spermatozoa using eosin nigrosin. He found no 
differences when using dyes dissolved in dis-
tilled water or citrate buffer as long as the pH 
range was between six and eight. At this pH, 
tonicity of the stain had no detrimental effect on 
the cells. Higher ranges tended to increase the 
intensity of red.
Preparation

Nigrosin (water soluble).....................10 gm.
Eosin (water and alcohol 

soluble)........................................1.67 gm.
Distilled water or citrate 

buffers................................q.s. ad 100 ml.
The citrate buffers consist of either 1 gm., 2.9 

gm. or 3.9 gm. of sodium citrate (Na3C6H5O7 · 
2H2O) with the pH adjusted to six or eight by 3% 
citric acid.

Congo Red–Nigrosin

Preparation
Congo red (water soluble)....................3 gm.
Nigrosin (water soluble).......................5 gm.
Buffered citrate......................q.s. ad 100 ml.
0.083 M sodium citrate dihydrate
0.010 M Na2HPO · 12H2O
0.010 M NaH2PO4 · H2O

Prepare the citrate buffer by dissolving the 
chemicals in glass distilled water. Sterilize by heat.

The staining mixture is prepared by dissolving 
the congo red and nigrosin in the citrate buffer. 
Either two or three grams of congo red may be 
used.
Staining Method

For whole semen, add one drop of semen to 
six drops of dye in a specimen tube.

Incubate for three minutes at 30° C.
Smear on to slides in a thin film.
When extended semen is used, change the 

ratio of stain to semen to one part stain and ten 
parts extended semen. Dead cells stain red in a 
black background. This procedure may be used 
with ram or bull spermatozoa.

Blackshaw (3, 4, 5) found that congo red gave 
results comparable to those of eosin. He noted that 
congo red did not diffuse into the “living” cells as 
did eosin. Martin and Emmens (26) and Martin 
(27) had good results using congo red- nigrosin.

Erythrosin Nigrosin

Preparation
Erythrosin (water soluble).................0.5 gm.
Nigrosin (water soluble).......................5 gm.
Sodium citrate dihydrate 

(2.6%).................................q.s. ad 100 ml.
Mix the nigrosin in the citrate solution then 

add the erythrosin. Sterilize by heat if desired. 
The technique is similar to making smears with 
congo red-nigrosin.

Wales (41) used 0.5% solution of erythrosin 
with 5% nigrosin to stain human and dog sper-
matozoa. In work with tissue cultures, Merchant 
(30) used a 0.4% erythrosin solution.

Fluorescent Dyes

Opaque media such as milk extender cause 
difficulties when examining for motility and via-
bility of spermatozoa. When fluorescent dyes are 
used in concentrations of 1:10,000 to  1:40,000 
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this handicap may be overcome. At these levels, 
the dyes are non-toxic. Acridine orange, euchry-
sin 2 GNX, acriflavine HC1 NF and coriphosphin 
HK are the best dyes to use for sperm in milk 
diluent (38, 39). Acridine orange is used routinely 
in this laboratory at present to examine frozen 
semen with good results. Attempts to use eosin B 
and erythrosin have proven unsatisfactory.

Bishop and Smiles (1) used 1:30,000 dilutions 
of primulin. They noted that dead sperm fluo-
resce light blue while live sperm were invisible. 
All the sperm, living and dead, were readily seen 
with a neutral filter substituted for an ultra-violet
filter. When broad-band ultra-violet filters were 
used, the dead spermatozoa appeared as blue 
fluorescent images while the live spermatozoa 
appeared red. Primulin and rhodamine 6 G5 in 
equal amounts stained the dead cells light blue 
and the live ones bright yellow. When rhodamine 
alone was used both the living and dead cells 
stained yellow. Two granules at the base of the 
head were clearly differentiated in the living cells 
but not in the dead cells.
Preparation

Acridine orange....................................1 gm.
Distilled water........................q.s. ad 100 ml.

Mix dye with water. Filter.
Sterilize by heat.

Staining Method
Using a Pasteur pipette, add one drop of dye 

to a vial of semen. Make routine preparations for 
motility examination utilizing fluorescent micros-
copy with the appropriate barrier filters. These 
particular filters will vary with the exciter filter 
used and with each observer.

Feulgen DNA Stain

Recently great interest has been aroused in 
the study of, and fulfilment of, the genetic poten-
tialities of somatic cells. Feulgen DNA stain was 
used by Salisbury et al. (33) who demonstrated 
that solutions of different ages have different 
DNA content.
Preparation

Carnoy’s fixative
Acetic acid (glacial)..............................10 ml.
Chloroform..........................................30 ml.
Ethyl alcohol (absolute).......................60 ml.

Combine and mix well.
1N HCl (82.5 ml. HCl in 1000 ml. distilled 

water)

Schiff’s Reagent (D. B. Lilly’s modification)
Sodium metabisulphite.....................1.9 gm.
Basic fuschin......................................1.0 gm.
0.15 N HCl (Take 15 ml. of 1 N HCl and water
q.s. ad 100 ml.)...................................100 ml.

Mix, shake periodically till straw yellow (two to 
three hours).

Add 0.3 gm. decolourizing charcoal.
Shake for a few minutes.
Allow to settle and if clear filter; if not clear 

add more charcoal and refilter.
Store in brown, tightly stoppered bottle in 

refrigerator.
SO2 solution

Sodium (meta) bisulphite..................1.9 gm.
Concentrated HCl...............................10 ml.
HCl 0.15N.........................................100 ml.

Staining Method (10)
Centrifuge semen sample at 300 to 500 rpm. 

for three minutes.
Decant. Add Carnoy fixative and fix for ten 

minutes, after disturbing the bead, i.e., make into 
a semen suspension.

Centrifuge for two to three minutes at 300 to 
500 rpm.

Decant.
Hydrolize with 1 N HCl for eight minutes at 

60° C. using a suspension of semen.
Centrifuge at 300 to 500 rpm for one to two 

minutes and decant.
Feulgen stain in dark for 45 minutes (Use 

Schiff’s Reagent).
Wash three times in SO2.
Wash in cold tap water.
Place one to two drops of stained semen suspen-

sion on a slide–gently squash with a cover-slip.
Freeze on dry ice to fix for about ten minutes.

Summary

A review of the staining techniques for mam-
malian spermatozoa is presented. The prepara-
tion, procedures and dyes used are outlined. For 
discussion purposes the stains have been divided 
into morphological, differential, fluorescent, and 
Feulgen DNA stains.

Résumé

On présente une revue des procédés de tein-
ture des spermatozoaires chez les mammifères. 
On explique les grandes lignes des modes de pré-
paration, des méthodes suivies et des teintures 
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utilisées. Pour les fins de la discussion, on a divisé 
les teintures en quatre groupes: morphologiques, 
différentielles, fluorescentes et Feulgen DNA.
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1 Chin Chin Brand, Gunther Wagner, Germany.
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with the mordant which is itself in high concentration in the structures to be stained. In the Iron Hematoxylin 
technique the slides are mordanted with iron alum. They are briefly washed in distilled water to remove some of 
the excess mordant.
4 Opal blue has been unobtainable since World War II.
5 British Drug Houses, Toronto, Canada.
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Introduction

Genetic disorders are those caused by 
abnormalities or defects in genes or chromo-
somes. Although many genetic disorders are 
transmitted via parental genes, others are a 
result of DNA changes or mutations that are 
not necessarily heritable. Congenital dis-
orders, in contrast, are those that exist at birth 
(though they may become first evident either 
earlier or later). These may be caused by a 
number of factors, including genetic disorders. 
However, they can also be caused by devel-
opmental anomalies, infections, the uterine 
environment, and metabolic, nutritional and 
toxic factors, in addition to joint genetic–
environmental and epigenetic influences. Those 
that are proven to be heritable may be trans-
mitted via single gene (or Mendelian) inherit-
ance, or via complex mechanisms that may 
involve multiple genes as well as environmen-
tal effects. For examples of conditions subject 
to the former mode of inheritance in cattle, 
readers are referred to the web site (http://dga.
jouy.inra.fr/lgbc/mic2000/).

Literally thousands of genes are invol-
ved, directly or indirectly, in the production 
of mammalian spermatozoa, and those genes 
involved in reproduction are generally less 

* E-mail: peter1@chenovet.com.au

conserved than other genes (Leeb, 2007). It is 
estimated that 10% of genes in the human 
genome are associated with spermatogenesis 
and that genetic factors cause 15–30% of 
human male infertility (Yoshida et al., 1997). 
In turn, male genetic factors contribute to an 
estimated 50% of human infertility (Tanaka 
et al., 2007). Similar estimates may be assumed 
for domesticated species, in which there is 
potential for the widespread dissemination of 
genetic problems, which may be caused by 
chromosomal or single gene disorders, 
Mendelian disorders of sex differentiation, 
genetic disorders either directly or indirectly 
affecting male fertility, mitochondrial DNA 
(mtDNA) mutations, Y chromosome dele-
tions, epigenetic effects and multifactorial 
disorders (see reviews by Wieacker and 
Jakubiczka, 1997; Shah et al., 2003; Martin, 
2008; Visser and Repping, 2010; and Hofherr 
et al., 2011).

Developmental Anomalies

The undifferentiated embryo undergoes sex 
determination, which is described as a develop-
mental decision that sends it along one of two 
major avenues towards sexual dimorphism. 
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Sexual differentiation then occurs, with pheno-
typic sex being determined under the 
influence of factors produced by the gonadal 
precursors (Biason-Lauber, 2010). In mammals, 
early gonadal differentiation is the major fac-
tor determining sexual dimorphism, in which 
distinguishing differences in structures or 
features between individuals of different 
sexes are termed secondary sexual characteris-
tics (McPherson and Chenoweth, 2012). Early 
gonadal differentiation also marks an import-
ant phase in which errors in sexual develop-
ment may occur, with the status of the SRY
gene, located on the Y chromosome, playing a 
major role in establishing ‘maleness’ and also 
being implicated in XY female gonadal dys-
genesis (Biason-Lauber, 2010). Translocation of 
the SRY gene to the X chromosome is strongly 
implicated in human cases of XX maleness 
(Müller, 1993).

Developmental anomalies occurring in 
domesticated animals that adversely affect 
male fertility to varying degrees include 
the following: undescended testes, seg-
mental aplasia/hypoplasia of the Wolffian 
duct system, testicular hypoplasia, hypospa-
dia, freemartinism and different manifesta-
tions of intersex.

Chromosomal and DNA Anomalies

Chromosomal anomalies represent a major 
cause of infertility in human males (Martin, 
2008; Hofherr et al., 2011) and this probably 
applies to domestic animals as well. Chromo-
some disorders were found in approximately 
2–9% of sub-fertile human males, with 
Klinefelter’s syndrome (47,XXY) being one of 
the most common (Chandley and Cooke, 
1994). Those disorders involving autosomal 
chromosome rearrangements, such as trans-
locations or inversions, are essentially pater-
nal in origin. This includes approximately 
35% of Robertsonian translocations (where 
two acrocentric chromosomes fuse near the 
centromere, with the loss of the short arms), 
which occur in cattle, with resultant reduced 
fertility of both males and females (Gustaffson, 
1979). Reciprocal (non-Robertsonian) trans-
locations have been associated with reduced 
fertility, abortions and birth defects in humans 

(Shah et al., 2003) as well as with early embryo-
nic deaths and reduced litter sizes in swine 
(Feitsma and De Vries, 2006). Relevant reviews 
on chromosomal defects in domestic animals 
and their effects include those of Popescu and 
Tixier (1984) and Ducos et al. (2008).

Numerical chromosome abnormalities – 
such as deletion, trisomy and triploidy – also 
contribute to early embryonic mortality in 
domestic animals (Courot and Colas, 1986). 
A notable example of this is encountered in 
cats, where the genes for either orange or 
black colours, but not both together, are 
located on the X chromosome. Thus, males 
that exhibit both colours (such as calico or 
tortoiseshell individuals) are polyploid and 
hence infertile (see Chapter 8, Root Kustritz). 
In infertile men with poor semen quality, 
a direct relationship has been suggested 
between the impairment of spermatogenesis 
(as reflected in morphologically and cytogen-
etically abnormal germ cells) and rates of 
baseline aneuploidy in normal spermatozoa 
(Bernadini et al., 1998), with most sperm aneu-
ploidies being associated with lowered fertil-
ization rates as well as reduced embryo 
survival.

A genetic basis for spermatogenic failure 
has been associated with deletions on the 
human Y chromosome (Krausz et al., 1999). 
Such deletions occur at a relatively high level, 
indicating a susceptibility of the Y chromo-
some to loss of genetic material (Aitken and 
Sawyer, 2003; Shah et al., 2003; Hofherr et al.,
2011). In man, Y micro-deletions are notable 
in the AZF (azoospermia factor) regions, sup-
porting the theory that DAZ (deleted in azoo-
spermia) genes play an important role in 
male fertility (Hofherr et al., 2011).

In recent years, advances in intracyto-
plasmic sperm injection, or ICSI (Chemes 
and Rawe, 2003), as well as single sperm 
typing and synaptonemal complex analysis 
(Martin, 2008), have enhanced understand-
ing of the relationships between specific 
characteristics of individual sperm and fertil-
ization, as well as post-fertilization devel-
opment. More specifically, strong links are 
now evident between sperm morphological 
abnormalities and structural chromosomal 
aberrations, with the latter being signifi-
cantly elevated in human sperm with head 
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abnormalities (Rosenbusch et al., 1992; Lee 
et al., 1996; Lewis-Jones et al., 2003; Sun et al.,
2006; Encisco et al., 2011).

For instance, chromosomal anomalies 
were four times more likely in sperm that were 
amorphous, round or elongated (Lee et al.,
1996), and abnormal karyotypes were signifi-
cantly higher in oocytes injected with severely 
deformed sperm heads (Kishikawa et al., 1999). 
Relationships occur between poor chromatin 
structure, DNA damage, abnormal morphol-
ogy and fertility in bull sperm (Ballachey et al.,
1987; Sailer et al., 1996; Karabinus et al., 1997; 
Smorag et al., 2000; Ostermeier et al., 2001; 
Vieytes et al., 2008; Encisco et al., 2011).

As an example, the well characterized 
diadem/crater defect of sperm, found in 
many species following spermatogenic stress, 
is linked with failure of normal chromatin 
condensation (Larsen and Chenoweth, 1990) 
and represents part of a choreographed con-
tinuum of sperm head damage following 
stress (Chenoweth, 2005). In humans, large 
vacuoles in the sperm head have been associ-
ated with a failure of chromatin condensation 
(Boitrelle et al., 2011). If a significant propor-
tion of the sperm population is observed to be 
morphologically abnormal, it is likely that 
the causative spermatoxicity has adversely 
affected other, apparently normal, sperm in 
the population (Vogler et al., 1993). Due to the 
limitations of sperm morphology assessment 
using light microscopy, sperm that appear to 
be morphologically normal may have defec-
tive chromatin or other cellular components 
(Ballachey et al., 1988; Chemes and Rawe, 
2003). These latter authors proposed that cer-
tain sperm anomalies (e.g. flagellar defects) 
have a better fertility prognosis than others 
(e.g. acrosome, sperm chromatin and neck 
defects). Similar considerations have contrib-
uted to the development of several approaches 
to the categorization of sperm defects, viz.: 
(i) compensable and uncompensable, based 
on observed sperm morphology (Saacke 
et al., 2000); and (ii) systematic versus non- 
systematic (or non-specific) sperm abnormal-
ities, based on whether they are considered 
to be due to pathological and/or environmen-
tal causes, or to have a proven or suspected 
genetic origin, respectively (Chemes and 
Rawe, 2003).

Sperm with severe head malformations 
often fail to successfully traverse the female 
tract and reach the site of fertilization 
and, therefore, can be regarded as compen-
sable defects. However, those sperm with 
more subtle (i.e. non-head distorting) forms 
of the diadem/crater defect can gain access to 
the ovum, leading to both lowered fertility 
and embryo quality (Miller et al., 1982; Saacke 
et al., 1994), thus fulfilling the definition of 
uncompensable sperm defects. Encisco et al.
(2011) used the Sperm Chromatin Dispersion 
test in conjunction with Blom’s (1972) major/
minor categorization of sperm abnormalities 
to illustrate the relationship between abnor-
mal bull sperm morphology and DNA frag-
mentation – a relationship that accounted 
for 61.34% of all deformed sperm, and 46.88% 
of major defects. In certain major sperm 
defects, i.e. double forms, narrow head at 
base, small heads and proximal droplets, 
DNA fragmentation occurred in all recognized 
affected sperm.

It can be concluded, then, that sperm 
with DNA/chromatin abnormalities often 
show structural abnormalities, which may 
be identified during routine assessment of 
sperm morphology (Martin and Rademaker, 
1988; Chemes and Rawe, 2003), although 
caution should be exercised when attempt-
ing to extend this generalization to assume 
that all damaged sperm can be so recog-
nized (Martin and Rademaker, 1988). This 
is because many examples of damaged 
sperm DNA or chromatin integrity do not 
display obvious morphological abnormali-
ties (Sutovsky et al., 2001; Shah et al., 2003), 
even though they may cause failure of fertil-
ization or post-fertilization loss (Smorag 
et al., 2000).

In summary, these findings support 
the following concepts (Chenoweth, 2011): 
first, that abnormal sperm head morphol-
ogy is often associated with DNA damage 
(Erenpreiss et al., 2006); secondly, that the major 
cause of DNA damage in the male gamete is 
oxidative stress (Aitken, 2002; Lewis and 
Aitken, 2005); and thirdly, that sperm DNA 
abnormalities are a major cause of male-factor
sub-fertility. Finally, routine sperm assessment 
parameters are only partially successful in 
identifying such damage.
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Potential Adverse Genetic 
Sequelae of Assisted Reproductive 

Technologies (ARTs)

Sperm morphology, particularly of the head 
region, is often linked with in vitro fertilization 
(IVF) success rates, but it is apparent that this 
relationship is less strong than it is with nat-
ural fertilization (Windt and Kruger, 2004). 
Further, the development of ICSI for the treat-
ment of male-factor infertility has resulted in 
successful fertilizations using sperm that are 
seriously impaired, as well as those in which 
normal buffering mechanisms are deficient 
(Horsthemke and Ludwig 2005). In both cases, 
a number of barriers that would normally 
restrict fertilization by abnormal sperm are 
bypassed, which increases the possibility of 
subsequent genetic problems, including chromo-
somal abnormalities, genetic disease and repro-
ductive problems in offspring from ARTs 
being implicated in disturbances of epigenetic 
mechanisms and related disorders of genomic 
imprinting (Fortier and Trasler, 2011).

Male Fertility

Male effects on reproduction may be positive 
or negative and obvious or subtle. They 
include not only direct effects on the ability to 
mate and to achieve fertilization, but also 
indirect effects on the quality and viability of 
the conceptus. Embryo development relies 
not only upon maternal but also on paternal 
factors (Duranthon and Renard, 2001). For 
example, differences have been shown to 
occur among bulls for embryo survival and 
development, in both in vivo and in vitro
systems (Hillery et al., 1990; Saacke et al.,
2000). Earlier work showed that bulls of low 
fertility used for artificial insemination (AI) 
gave higher rates of embryonic loss than did 
bulls of high fertility (cited by Courot and 
Colas, 1986). Similarly, with sheep, Maxwell 
et al. (1992) reported that rams of differing 
genetic lines differed in subsequent rates of 
embryonic loss despite comparable fertilizing 
capacity. Differences in bull reproductive suc-
cess are often not predictable on the basis of 
conventional semen examination. However, 

recent advances in technologies such as IVF 
and ICSI have allowed a vastly improved 
understanding of the causes of variation in 
male gamete ‘success’. Here, bull differences 
have been reported for IVF rates, initiation 
and length of the zygotic S-phase, and embryo 
cleavage and development (cited by Schneider 
et al., 1999), as well as in sperm in vitro ability 
to access the ovum and accessory sperm num-
bers (Nadir et al., 1993).

The effects of the male on early preg-
nancy loss and abortion have been associated 
with implicating factors such as elevated 
ambient and scrotal temperatures, ‘out-of-
season’ breeding, and immature and aged 
sperm (Saacke et al., 2000). It is interesting 
and useful to note that many of these stres-
sors induce similar patterns of spermatogenic 
stress. For example, in bulls, a stereotyped 
response results in a predictable cascade of 
identifiable sperm abnormalities such as 
retained cytoplasmic droplets, head loss 
(decapitation) and diadem-crater defects, 
with consequent adverse effects on fertiliza-
tion or subsequent development (Saacke 
et al., 2000). In pigs, those sperm characteris-
tics associated with successful in vitro pene-
tration of oocytes included all conventional 
semen parameters (Gadea and Matas, 2000), 
with most of these being significantly correl-
ated with each other. Flowers (2002, 2008) 
reported that individuals differed in the 
insemination dose required to consistently 
produce the greatest number of pigs. Tradi-
tional semen assessments tended to be pre-
dictive of litter size up to a point, but beyond 
this, differences in litter size could not be 
attributed to observed semen differences. 
Such results illustrate difficulties in predict-
ing sperm fertility from one or two tests, 
while reinforcing the need to identify biological 
markers that reflect unifying mechanisms for 
many aspects of sperm damage.

Even though the heritability of male fer-
tility in domesticated animals is generally 
considered to be low, some male traits associ-
ated with fertility are relatively heritable. For 
example, adjusted testicular size (measured 
as scrotal circumference) is moderately to 
highly heritable in beef breed bulls, where it 
is favourably associated with age at puberty 
in related females (Brinks, 1994). Comparable 
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estimates have been obtained in boars (Toelle 
et al., 1984; Toelle and Robinson, 1985; Young 
et al., 1986). In turkeys, selection for increased 
semen yield doubled sperm numbers within 
five generations (Nestor, 1976). Semen pro-
duction also increased when turkeys were 
specifically selected for increased egg yield, 
and decreased when selection was for increased 
body weight at 16 weeks (Nestor, 1977).

In rams, scrotal circumference was favour-
ably linked with other male fertility traits; 
genetic correlations were 0.54 with individual 
sperm motility and –0.75 with per  centage 
abnormal sperm (Rege et al., 2000). In French 
dairy cattle, sperm quality traits such as 
motility were moderately highly heritable; 
genetic correlations between volume and 
semen quality traits tended negative, whereas 
those between concentration and semen qual-
ity traits were the opposite (Druet et al., 2009). 
Some findings from studies on the heritabili-
ties of semen traits in boars, bucks and bulls 
are shown in Table 7.1.

Heterosis in pigs boosts semen traits such 
as semen volume, total sperm and sperm viabil-
ity (Smital et al., 2004). Genetic lines of boars dif-
fered in sperm output, which varied by as much 
as 30 × 109 spermatozoa or more per ejaculate, 
indicating the possibility for selection of boars 
on the basis of improved sperm production as 
well as fertility (Flowers, 2008). In a study using 
463,130 litter records from Yorkshire, Duroc, 
Hampshire and Landrace pigs, estimates of 

sire effects for traits such as pigs born alive, 
litter weight at 21 days and number weaned 
ranged from 0.02 to 0.05. Although sire effects 
were less than environmental effects (0.03–0.08), 
they were greater than maternal effects (0.00–
0.02) across all breeds, providing encourage-
ment for improving litter traits via sire selection 
(Chen et al., 2003).

In North American Holstein cattle, sire-
predicted transmitted ability for twinning 
was estimated to be 1.6–8.0%, which is con-
sidered sufficient to use sire selection as a 
means of reducing undesirable twinning in 
dairy cattle (Johanson et al., 2001). Perinatal 
calf deaths up to 48 h after birth can also be 
linked to the sire, though the heritability for 
this parameter in bulls is low (Freeman, 1984).

Stallions are normally not selected on 
the basis of fertility, but genetic markers have 
been identified for stallion fertility (Leeb 
et al., 2005). Three candidate genes have been 
identified to allow selection of stallions based 
on reproductive potential. These candidate 
genes code for equine cysteine-rich secretory 
proteins (CRISPs) and together make up six 
polymorphisms as genotyped in 107 Hano-
verian stallions. Stallions heterozygous for 
the CRISP3 AJ45996c.+622 G>A single nucleo-
tide polymorphism (SNP) have significantly 
reduced fertility compared with homozygous 
stallions, which translates into a 7% reduc-
tion in conception rate per cycle (Hamann et al.,
2007). Other marker genes affecting equine 

Table 7.1. Heritabilities of semen traits in boars, bucks and bulls.

Breed

Boars (9 pure 
breeds and 10
crossbreeds)

Saanen and 
Alpine bucks

Holstein
bulls (<30

months old)
Holstein bulls 

(4–6 years old)
Simmental 

bulls
Angus bulls 
(yearling)

Semen volume 0.58 0.25–0.29 0.24 0.44 0.18
Sperm 

concentration
0.49 0.32–0.34 0.52 0.36 0.14 0.13

Sperm motility 0.38 0.12–0.17 0.31 0.01 0.04 0.13
Total no. of 

sperm/
ejaculate

0.42 0.15–0.25 0.38 0.54 0.22 0.24

Proportion of 
abnormal 
sperm

0.34 – – – 0.10 –

Authors Smital et al.,
2005

Furstoss
et al., 2009

Mathevon 
et al., 1998

Mathevon 
et al., 1998

Gredler
et al., 2007

Knights
et al., 1984
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pregnancy rate per oestrus cycle are SPATA1
and INHBA (Gieseke et al., 2010). SPATA1
codes for a testis-specific protein involved in 
shaping the sperm head, and conception rates 
per oestrus cycle are significantly higher for 
SPATA1 heterozygous stallions than for 
homozygous stallions, with a dominance 
effect of 4.1% (Gieseke et al., 2009).

In addition to these relationships, a large 
number of conditions, which are either 
directly or indirectly genetically influenced, 
can adversely affect male fertility. These 
may exert their influence not only via sperm 
and semen traits, but also in relation to mat-
ing ability and sperm delivery capabilities. 
Reviews of genetic disorders linked with 
male infertility are provided by Wieacker 
and Jakubiczka (1997), Shah et al. (2003) and 
Martin (2008). In this discussion, the focus is 
upon conditions affecting sperm production 
and semen quality. Readers interested in the 
other aspects, particularly in relation to bulls, 
may wish to consult Chapter 12 (Brito), which 
has descriptions of conditions such as tes-
ticular hypoplasia, congenitally short penis, 
congenitally short retractor penis muscle, 
persistent penile frenulum, penile spiral devi-
ation, aplasia/hypoplasia of efferent duct 
systems and congenital erectile dysfunction.

Breed effects

Both libido and mating ability in bulls are 
influenced by genetic factors (Bane, 1954; 
Chenoweth, 1983) and differences in sex drive 
and mating behaviour have been reported among 
breeds of bulls (Chenoweth and Osborne, 1975; 
Chenoweth et al., 1979) and rams (Chenoweth, 
1981), and also between boar lines (Signoret, 
1970). Differences in aspects of sperm produc-
tion and semen collection have been observed 
between beef and dairy breeds of bulls in gen-
eral (Chenoweth, 1983). Bulls of Bos indicus
derivation have been considered to be more 
sexually ‘sluggish’ than their European coun-
terparts (Chenoweth, 1981), although this does 
not necessarily disadvantage breeding success 
(Chenoweth, 1994).

In a longitudinal study in which 47 stal-
lions (aged 2–26 years), representing seven 
breeds, were bred to 1664 mares, breed of 

stallion as well as paternal age and season 
significantly influenced mare breeding out-
comes (Dowsett and Pattie, 1982). Semen 
factors that were associated with percentage 
of pregnancies per mare service were vol-
ume, concentration, live sperm and total 
number of sperm (Dowsett and Pattie, 1982). 
In another stallion study, sire effects on semi-
sibling semen characteristics were significant 
for sperm motility, semen volume and sperm 
concentration (Parlevliet et al., 1994).

In chickens, Wyandotte and Delaware 
roosters were less fertile than their Leghorn 
counterparts (Kirby et al., 1989), and 
Wyandotte sperm exhibited less metabolic 
capacity than either Leghorn or Delaware 
sperm (Kirby and Froman, 1991). Roosters 
homozygous for the rose comb allele (R/R)
were sub-fertile compared with heterozygous 
roosters of genotypes R/r or r/r, with this 
depression of fertility being associated with 
reduced sperm motility and metabolic activ-
ity (McLean and Froman, 1996). The reduced 
sperm motility of R/R roosters has been 
shown to be associated with a significantly 
reduced intracellular ATP concentration and 
reduced glucose uptake (McLean et al., 1997).

Sperm morphology can also vary between 
breeds, as shown in a study comparing eight 
breeds of Indian buffalo (Aggarwal et al., 2007). 
Similarly, differences in sperm midpiece length 
were encountered when comparing Holstein, 
Friesian, Belgian Blue, Charolais, Limousin 
and Aberdeen Angus bulls (Shahani et al.,
2010). Here, the Belgian Blue and Limousin 
breeds displayed the longest average midpiece 
length, while Angus bulls had the shortest. 
Furthermore, the two dairy breeds showed a 
negative correlation between sperm midpiece 
length and 49 day non-return rate. Finally, 
sperm head morphometry as determined by 
computerized Fourier analysis differed signifi-
cantly among 241 mature rams from 36 differ-
ent sheep dairy flocks (Maroto-Morales et al.,
2010).

Inbreeding

Breeding programmes for domestic livestock 
generally seek to maximize genetic gain while 
minimizing inbreeding. Inbreeding adversely 
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affects reproductive traits (such as sperm pro-
duction and semen quality) in two ways: first 
by reducing heterozygosity, leading to inbreed-
ing depression in those traits affected by direc-
tional dominance; and, secondly, via random 
genetic drift in which advantageous alleles 
may be lost (Sonersson, 2002). Earlier work 
(Salisbury and Baker, 1966b) indicated that 
inbred bulls had more sperm abnormalities 
than line-crossed bulls, and that the degree of 
inbreeding is linked with the proportion of 
abnormal seminiferous tubules (Carroll and 
Ball, 1970). More recently, inbreeding in endan-
gered ungulates has been linked with high 
levels of DNA fragmentation and poor sperm 
quality (Ruiz-Lopez et al., 2010).

In foxhounds, outbred dogs produced a 
greater ejaculate volume with significantly 
(P<0.025) higher sperm concentration and 
more sperm/ejaculate than did inbred males. 
There was also a trend towards improved 
sperm motility, ejaculate volume and testes 
volume for outbred dogs than for inbred dogs 
(Wildt et al., 1982). In dachshunds, Gresky 
et al. (2005) showed that inbreeding decreased 
litter sizes and at the same time increased the 
number stillborn.

Inbreeding can affect not only sperm 
quality or quantity, but also the occurrence of 
reproductive organ disorders. For example, 
undescended testicles, or cryptorchidism, is a 
common genetic disorder in dogs (Veronesi 
et al., 2009). A relatively high incidence of crypt-
orchidism was detected in a colony of 
Miniature Schnauzers. Of twelve cases exam-
ined, nine of the Miniature Schnauzers were 
descendants of the same sire, either directly or 
indirectly. Bilateral cryptorchidism was asso-
ciated with a higher degree of inbreeding than 
was unilateral cryptorchidism (Cox et al., 1978).

Inbreeding in horses has been associ-
ated with increased embryonic loss in 
Norwegian trotter mares (Klemetsdal and 
Johnson, 1989) and reduced conception and 
foaling rates in Standardbred mares (Cothran 
et al., 1984), though it is conceded that mare 
management factors could also be involved. 
When the inbreeding coefficient in Shetland 
pony stallions exceeded 2%, there was a sig-
nificant reduction in sperm motility and the 
percentage of morphologically normal 
sperm (van Eldik et al., 2006).

Inbreeding in dairy cattle has resulted 
from extensive use of artificial insemination, 
with a small number of elite bulls being used 
for a large number of inseminations (Soares 
et al., 2011). An added issue is that AI success 
is declining in highly selected dairy cattle 
populations (Karoui et al., 2011). In a study by 
Hudson and van Vleck (1984), the percentage 
of inbred bulls for Ayrshire, Guernsey, 
Holstein, Jersey and Brown Swiss breeds in 
the north-eastern USA was 4.7, 2.8, 12.1, 3.9 
and 7.6%, respectively. The average inbreed-
ing coefficients were 0.39, 0.17, 0.36, 0.14 and 
0.26, respectively (Hudson and van Vleck, 
1984). A more recent study revealed that mean 
inbreeding coefficients for US dairy cattle have 
increased to 0.3–0.4, with some animals 
recording a value greater than 0.5. Milking 
Shorthorns recorded the highest annual 
increase in inbreeding level overall, while 
Holstein cattle recorded the greatest rate of 
change in the annual increase in inbreeding 
level (Wiggans et al., 1995). In beef bulls, 
semen traits deteriorated with increasing 
inbreeding coefficients (Smith et al., 1989). 
Although inbreeding coefficients in Austrian 
dual-purpose Simmental (Fleckvieh) bulls 
were low (mean 0.013), semen quality traits 
such as volume, concentration, motility, num-
ber of spermatozoa per ejaculate and percent-
age of viable sperm all showed evidence of 
inbreeding depression (Maximini et al., 2011).

Methods for minimizing the adverse 
effects of inbreeding in selection and genetic 
conservation schemes for livestock breeding, 
especially in small (≤50) populations, have 
been described by Sonersson (2002).

Categorization of Defects of Sperm 
and Spermatogenesis

Classification systems for abnormal morph-
ology of sperm have included those based 
on: (i) site of origin – primary or secondary 
(Blom, 1950); (ii) functional significance – 
major or minor (Blom, 1972); and (iii) rela-
tive quantitative significance – compensable 
or uncompensable (Saacke et al., 1994), and 
systematic or non-systematic (Chemes and 
Rawe, 2003).
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The major/minor sperm defect classifi-
cation proposed by Blom (1972) considered 
major defects to be those that were proven to 
impair fertility and minor sperm defects as 
being of little consequence for male fertility. 
Suggested criteria (Chenoweth, 2005) for the 
categorization as major sperm defects (also 
sometimes termed specific sperm defects) 
were that:

1. They are characterized as ‘primary’ sperm 
defects (i.e. they occur during spermato-
genesis).
2. They constitute a substantial proportion 
(at least 10–15%) of the sperm population.
3. They persist over time.
4. They are linked with male infertility or 
sterility.
5. They are potentially heritable.

This last criterion is particularly relevant to 
the present discussion. Under natural selec-
tion, there is discrimination against genetic 
factors that result in infertility, though this is 
not necessarily the case in modern produc-
tion systems in which artificial selection 
permits sub-fertile males to propagate 
infertility factors that are genetically influ-
enced. These factors include genetic sperm 
defects, whereby, at least in bulls, ‘some types 
of defects appear in the semen at a fairly con-
stant rate and in a very high proportion of the 
sperm population without any indication of 
environmental influence. Such defects may 
be presumed to be rooted in the bull’s genome 
and the prognosis for future improvements 
in semen quality would be very poor’ (Barth 
and Oko, 1989).

Terminology for generalized 
sperm and semen defects

Terms employed to describe generalized 
characteristics of sperm and semen include:

• oligospermia or oligozoospermia – decrea-
sed number of spermatozoa in semen;

• aspermia – a complete lack of semen;
• hypospermia – reduced seminal volume;
• azoospermia – absence of sperm in the 

ejaculate;

• teratospermia – a majority of sperm with 
abnormal morphology; and 

• asthenozoospermia – low sperm motility.

The conditions of asthenozoospermia, azoo-
spermia and teratospermia are included in 
the discussions below under the heading 
‘Systematic sperm defects’.

Systematic sperm defects

Although environmental factors are consid-
ered to be the most common factors affecting 
sperm function and form, there is a growing 
list of sperm defects in domestic animals that 
are considered to be of genetic origin.

Genetic sperm defects are identified as 
consistent defects that are genetically trans-
mitted. A number of sperm defects in dif-
ferent species have been established to be 
genetic, and this number is increasing with 
improvements in technologies and know-
ledge. However, while some sperm defects 
may be caused either by genetic or environ-
mental influences, and some may be due to 
an interaction of environment and genetic 
predisposition, yet others are likely to be of as 
yet unproven genetic origin. Thus the term 
‘systematic sperm defects’ (Chemes and 
Rawe, 2003) is used in this chapter to allow 
the inclusion of all such categories.

In the following discussion, and in the 
accompanying table (Table 7.2), an attempt is 
made to identify a number of sperm defects 
that fall into this category.

Asthenozoospermia

Defective sperm motility, or asthenozoo-
spermia, is a classic example of a trait that can 
be attributable to either genetic or environ-
mental effects. For example, simple coiled tails 
(term that includes the distal midpiece reflex) 
are among the most common of sperm defects 
and are commonly associated with one or 
more of a variety of non-genetic aetiologies. In 
general, the condition of ‘non-specific flagellar 
abnormalities’ (NSFAs), which in turn results 
in asthenozoospermia, is most commonly 
reversible and is secondary to conditions 
such as infections, varicocele, immunological 
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Table 7.2. Systematic sperm defects.a

Defect Sperm location Species Genetic Reference

Azoospermia Absence of 
sperm 
in ejaculate

Bull, camel, dog, stallion ? Olson et al., 1992; Ansari et al., 1993; Estrada et al.,
2003; Al-Qarawi and El-Belely, 2004

Defects of the sperm acrosome
Knobbed acrosome Acrosome Boar, bull, ram, stallion Yes/No Teunissen, 1946; Hancock, 1949; Donald and 

Hancock,1953; Bane, 1961; Wohlfarth, 1961; Blom 
and Birch-Andersen, 1962; Buttle and Hancock, 1965; 
Bane and Nicander,1966; Cran and Dott, 1976; Barth, 
1986; Soderquist, 1998; Thundathil et al., 2000b, 
2002; Chenoweth, 2005; Kopp et al., 2008; Sironen 
et al., 2010; Encisco et al., 2011

Ruffled and incomplete 
acrosome

Acrosome Bull, mouse No Rajasekarasetty, 1954; Saacke et al., 1968

‘Miniacrosome’ Acrosome Human ? Baccetti et al., 1991
‘SME’ defect Acrosome/head Boar Yes Bane, 1961; Blom and Birch-Andersen, 1962, 1975; 

Buttle and Hancock, 1965; Bane and Nicander, 1966; 
Blom, 1973a; Andersen and Filseth, 1976; Blom and 
Jensen, 1977

Defects of the sperm head
Decapitated sperm 

head, disintegrated, 
decaudated, headless, 
acephalic, microcephalic, 
alteration of head–neck 
attachment

Head Bull (Friesian, Guernsey, 
Hereford, Jersey, Red 
Danish, Swedish Red and 
White), human, dog

Yes/No Hancock and Rollinson, 1949; Hancock, 1955; Jones, 
1962; Williams, 1965; Van Rensburg et al., 1966; 
Settergren and Nicander, 1968; Blom and Birch-
Andersen, 1970; Blom, 1977; Perotti and Gioria, 1981; 
Perotti et al., 1981; Baccetti et al., 1984, 1989b, 2001; 
Oettlé and Soley, 1985; Chemes et al., 1987a, 1999; 
Barth and Oko, 1989; Chemes and Rawe, 2003; 
Chenoweth, 2005; Collodel and Moretti, 2006

Round-headed sperm 
(globozoospermia)

Head Bull, dog, human, ram ? Schirren et al., 1971; Pedersen and Rebbe, 1974; 
Kullander and Rausing, 1975; Anton-Lamprecht et al.,
1976; Baccetti et al., 1977, 2001; Castellani et al.,
1978; Vicari et al., 2002; Collodel and Moretti, 2006; 
Sun et al., 2006
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Continued

Diadem/crater, pyriform 
defect

Head Boar, bull, dog, human, 
ram, stallion

No
(predisposition
may occur)

Gledhill, 1965; Bane and Nicander, 1965; Blom, 1972, 
1980; Coulter et al., 1978; Truitt-Gilbert and Johnson, 
1980; Heath and Ott, 1982; Johnson and Hurtgen, 
1985; Baccetti et al., 1989a; Larsen and Chenoweth, 
1990; Held et al., 1991; Liu and Baker, 1992; Vogler 
et al., 1993; Thundathil et al., 1999; Rousso et al.,
2002; Chenoweth 2005

Rolled head/nuclear crest/
giant sperm/large heads

Head Bull, dog, human ? Blom, 1980; Cran et al., 1982; Escalier 1983; Barth and 
Oko, 1989; Dahlbom et al., 1997; Chenoweth, 2005

Macrocephalic, multi-
nucleated, multiflagellate

Head, principal 
piece

Human ? Escalier 1983; Sun et al., 2006

Teratoid Teratospermia? Head Bull, cat, dog, stallion Yes/No Barth and Oko, 1989; Pukazhenthi et al., 2001; 
Pukazhenthi et al., 2006; Sun et al., 2006; 
Rota et al., 2008; Brito et al., 2010

Pin head/megalo pin 
head/micro-cephalic

Head Bull, human ? Blom and Birch-Andersen, 1970; 
Chemes et al., 1999; Chemes and Rawe, 2003

Narrow head, narrow 
at base

Bull ? Savage et al., 1927; Barth et al., 1992; Encisco 
et al., 2011

Diploid, polyploid Head Bull, human, mouse, rabbit No Fechheimer, 1961; Gledhill, 1965; Salisbury and Baker, 
1966a; Esnault et al., 1967; Beatty and Fechheimer, 
1972; Carruthers and Beatty, 1975; 
Mortimer, 1979; Blom, 1980

Abnormal DNA 
condensation

Head Boar, bull, dog, human, 
ram, red deer

No Leuchtenberger et al., 1953; Gledhill, 1966; Gledhill 
et al., 1966; McCosker, 1969; Salisbury et al., 1977; 
Ballachey et al., 1987; Barth and Oko, 1989; 
García-Macías et al., 2006; Ardón et al., 2008; 
Lange-Consiglio et al., 2010; Encisco et al., 2011

Pyriform head Head Alpaca, bull No Thundathil et al., 1999; Al-Makhzoomi et al., 2008
Defects of the sperm midpiece

‘Corkscrew’ Midpiece Boar, bull, stallion No Blom 1959, 1972, 1973b; Chenoweth et al., 1970; 
Chenoweth and Burgess, 1972; Settergren and 
Nicander, 1972; Barth and Oko, 1989

Spindle-shaped body, 
microtubule mass

Midpiece Human, rabbit No Pedersen, 1969; Wartenberg and Holstein, 1975

‘Hairpin’ Midpiece Boar, human No Kojima, 1975
Distal midpiece reflex 

(DMR)
Midpiece All No Blake, 1945; Kojima, 1975
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Table 7.2. Continued.

Defect Sperm location Species Genetic Reference

Proximal cytoplasmic 
droplet

Midpiece Boar, bull, dog, 
guinea pig, stallion

No Retzius, 1909; Redenz, 1924; Hancock, 1956; Bloom 
and Nicander, 1961; Van Rensburg et al., 1966; 
Huszar and Vigue, 1994; Gomez et al., 1996; 
Dahlbom et al., 1997; Keating et al., 1997; Amann 
et al., 2000; Thundathil et al., 2000a, 2001; 
Lovercamp et al., 2007; Suzuki-Toyota et al.,
2010; Encisco et al., 2011; Carreira et al., 2012

Distal cytoplasmic 
droplet

Midpiece Boar, bull, human No Retzius, 1909; Redenz, 1924; Hancock, 1956; Van 
Rensburg et al., 1966; Huszar and Vigue, 1994; 
Keating et al., 1997

Immotile cilia syndrome, 
primary ciliary 
dyskinesis
(‘Kartagener’s 
syndrome’)

Midpiece Human Yes/No Afzelius et al., 1975; Pedersen and Rebbe, 1975; 
Afzelius and Eliasson, 1979; Baccetti et al.,
1979; Leestma and Sepsenwol, 1980; Chemes 
et al., 1987b; Collodel and Moretti 2006; Siqueira 
et al., 2010

Abaxial, accessory/
offshoot

Midpiece Boar, bull, human, 
ram, stallion

Normal in some 
species

Blom, 1950; Nicander and Bane, 1962; Aughey and 
Renton, 1971; Peet and Micke, 1976; Roberts 1986; 
Peet et al., 1988; Barth, 1989; Barth and Oko, 1989

Disrupted Midpiece Buck, bull, stallion No Heath et al., 1985; Chenoweth et al., 2000; 
Molnár et al., 2001

Pseudo-droplet Midpiece Bull, dog, stallion Yes/No Blom 1968, 1972; Blom and Birch-Andersen 1968; 
Chenoweth et al., 1970; Aughey and 
Renton, 1971; Heath et al., 1985

Tail stump Midpiece Boar, bull, dog, human, 
mouse, rabbit, stallion

Yes Williams and Savage, 1925; Bishop et al., 1964; 
Coubrough and Barker, 1964; Ross et al., 1971; 
Baccetti et al., 1975, 1993, 2001; Blom, 1976; 
Vierula et al., 1987; Williams, 1987; Barth and 
Oko, 1989; Barthelemy et al., 1990; Peet and 
Mullins, 1991; Foote et al., 1992; Chacon and 
Rodriguez-Martinez, 1998; Andersson and Mäkipää, 
2000; Revell et al., 2000; Cisale et al., 2001; 
Chemes and Rawe 2003
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Short tail Midpiece Boar, bull ? Baccetti et al., 1993; Andersson and Mäkipää, 2000; 
Sironen et al., 2002, 2006; Sukura et al., 2002; 
Chemes and Rawe, 2003; Kopp et al., 2008; 
Siqueira et al., 2010

Centriolar–mitochondrial 
defect

Midpiece Human ? Williams,1950; Holstein et al., 1986

Dag defect, ‘ard’ defect, 
‘Dag-like’ defect

Midpiece, tail Boar, buck, bull, stallion Yes/No Blom and Birch-Andersen, 1962, 1966; Blom 1966, 
1972; Koefoed-Johnsen and Pedersen, 1971; Van 
Duijn, 1972; Baccetti et al., 1975; Blom and Wolstrup, 
1976; Peet and Micke, 1976; Barth and Oko, 1989; 
Hellander et al., 1991; Andersen Berg et al., 1996; 
Molnár et al., 2001

Dysplasia of the fibrous 
sheath (DFS)

Midpiece Human Yes Chemes et al., 1987b; Chemes, 2000; Rawe et al.,
2001; Chemes and Rawe, 2003; Baccetti et al., 2004; 
Baccetti, 2005; Collodel and Moretti, 2006; 
Moretti and Collodel, 2006; Moretti et al., 2008

Defects of the sperm tail
Coiled tails Tail Buck, bull, dog, human, 

mouse, stallion
? Wood et al., 1986; Love et al., 2000; Molnár et al., 2001; 

Kawakami et al., 2005; Yeung et al., 2009; Collodel 
et al., 2011

Multiple tails Tail Emu, human ? Perrin et al., 2008; du Plessis and Soley, 2011
Hair pin sperm defect Tail Boar No Kojima, 1975

aThe defects of asthenozoospermia (immotile sperm), necrozoospermia (dead sperm) and teratospermia (the production of abnormal sperm) are not included in this table but are 
discussed in the text. Otherwise, the order of defects followed in the table is that used in the text, but with extra categories of defects added, in no particular order.
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disorders and others (Chemes, 2000). However, 
pathological defects of flagellar structure are 
also implicated, as described by Chemes et al.
(1998), in men with severe asthenozoospermia. 
A comprehensive review of structural patholo-
gies associated with asthenozoospermia in 
humans is provided by Chemes (2000) and 
Chemes and Rawe (2003).

Azoospermia

A complete lack of sperm in the ejaculate can 
be due to either a failure of spermatogenesis 
or to causes in sperm transport. With the lat-
ter category, sperm may be prevented from 
contributing to the ejaculate by blockages or 
occlusions in the extragonadal duct system, 
or because of an ejaculatory dysfunction. In 
dogs, for example, the possibility of occlusion 
being the cause may be determined by meas-
urement of alkaline phosphatase (ALP) in the 
seminal plasma, as ALP originates from the 
epididymis and seminiferous tubule epithelium 
(Kutzler et al., 2003). If the concentration of ALP 
in seminal fluid is greater than 5000 IU/l, the 
ejaculated sample contains fluid from those 
tissues and occlusion may be ruled out.

Testicular causes of azoospermia include 
failure of spermatogenesis, which can be 
caused by a number of factors; these include 
hormonal, immunological, congenital, toxic, 
pathogenic and traumatic factors. Here, dele-
tions within the AZF region (containing 
subregions AZFa, AZFb and AZFc) on the 
Y chromosome play an important role, repre-
senting 10–15% of cases of azoo- and oligo-
spermia (Shah et al., 2003). Within the AFZc 
region, the DAZ gene, which is deleted in azoo-
spermia, is considered to be important in sperm-
atogenetic control, as its deletion is commonly 
detected in infertile men (Shah et al., 2003).

Teratospermia

Teratospermia, or the production of >60% 
morphologically abnormal sperm, can be due 
to either genetic or environmental causes, as 
well as to interactions between these two fac-
tors. This defect appears to be especially 
prevalent in domestic cats and wildcats, and 
occurs in 70% of felid species (Pukazhenthi 
et al., 2001). One assumption is that this high 

level of teratospermia is associated with high 
levels of inbreeding, although conclusive evi-
dence is still pending. Inbreeding levels tend 
to be high in cheetahs and other endangered 
wild cats (O’Brien et al., 1983, 1985) that are 
encountering population decline due to habi-
tat loss, poaching, disease and other causes 
(Wildt et al., 1995). In felids, spermatozoa 
from teratospermic individuals are incapable 
of fertilizing oocytes owing to an inability to 
undergo capacitation and the acrosome reac-
tion (Pukazhenthi et al., 2006). Suggestions of 
a genetic basis for teratospermia have also 
come from studies of a stallion (Brito et al.,
2010) and a dog (Rota et al., 2008).

Defects of the sperm acrosome

KNOBBED ACROSOME (KA). This defect was first 
observed in a sterile bull of the Friesian breed 
(Teunissen, 1946), where it was subsequently 
shown to have an autosomal sex-linked 
recessive mode of genetic transmission 
(Donald and Hancock, 1953). It has been 
associated with infertility in bulls, boars, 
rams and dogs (Teunissen, 1946; Saacke et al.,
1968; Barth, 1986; Soderquist, 1998; Santos 
et al., 2006). In boars, the defect has been 
suspected of both dominant (Wohlfarth, 
1961) and sex-linked recessive (Bishop, 1972) 
modes of transmission. In cattle, there are 
indications that it exists as a genetic defect 
within the Angus breed in North America 
(P.J. Chenoweth, unpublished) and there is a 
suggestion of a genetic linkage in the 
Charolais breed (Barth and Oko, 1989). Four 
related male dogs exhibiting high KA levels 
were incapable of achieving pregnancies with 
otherwise fertile bitches (Santos et al., 2006).

In the bull, this abnormality is commonly 
observed as either a refractile, thickened, pro-
truding acrosomal apex or as an indented 
sperm apex (Thundathil et al., 2000b). Electron 
microscopy often reveals a cystic region (the 
‘cystic apical body’) containing vesicles with 
inclusions, as well as abnormal fusion of 
acrosomal membranes (Bane and Nicander, 
1966; Cran and Dott, 1976). There is also 
often a bending back, or abrupt termination, 
of the sperm nuclear material (Thundathil 
et al., 2000b), giving the appearance that the 
sperm head apex has been cleanly incised. 
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Elevated levels of knobbed acrosomes in bull 
semen are associated with either genetic or 
environmental factors. With the latter, the ele-
vated incidence is usually transitory and occurs 
in concert with other signs of spermatogenic 
dysfunction (i.e. increased sperm abnormal-
ities in general, including nuclear vacuoles). 
A genetic cause is suspected when relatively 
high proportions (>20%) of sperm exhibit the 
KA defect in the absence of frequent numbers 
of other sperm abnormalities, and this persists 
indefinitely (Thundathil et al., 2000b; Chenoweth, 
2005). In Canada, 78 of 1331 (5.9%) bulls had 
sperm with knobbed acrosomes (Barth and 
Oko, 1989). In contrast, in the author’s labora-
tory (P.J. Chenoweth, unpublished), a preva-
lence of 6.74% was observed in bulls in a 
known affected Angus herd.

In pigs, an incidence for KA of 7.6% was 
reported in the Finnish Yorkshire breed (Kopp 
et al., 2008), in which the syndrome was asso-
ciated with immotile short-tail sperm defects. 
Two candidate genes, both located on pig 
chromosome 15, have been linked with 
knobbed acrosomes: HECW2 and STK17b
(Sironen et al., 2010). In comparison with ‘nor-
mal’ boars, those with the KA defect were 
reported to have seminiferous tubules of 
smaller diameter, as well as a reduced num-
ber of Sertoli cells.

Sperm containing KA are either unable to 
attach to ova (Buttle and Hancock 1965), or 
this capability is much reduced (Thundathil 
et al., 2000b). This defect would, therefore, 
appear to be eligible for inclusion within the 
‘compensable’ category of sperm defects, in 
which increasing sperm numbers could com-
pensate for damaged sperm in terms of insem-
inate fertility. In fact, several studies would 
appear to support this classification. For 
example, differences were observed in the fer-
tility of a KA-affected ram when natural ser-
vice was compared with AI (Soderquist, 1998).

Another thread of evidence for including 
KA in the compensable category comes from 
work that showed that the proportion of bull 
KA sperm decreased during transit through the 
female genital tract (Mitchell et al., 1985). Despite 
such findings, in vitro studies have shown that 
apparently normal sperm in ejaculates from 
animals affected by KA may also have com-
promised fertility (Thundathil et al., 2000b). 

Further studies indicate that these apparently 
morphologically normal sperm have plasma 
membrane damage, and show premature capa-
citation, a spontaneous acrosome reaction and 
impaired chromatin condensation (Thundathil 
et al., 2002). Thus, the KA defect may encom-
pass both ‘compensable’ and ‘uncompens-
able’ characteristics. As bulls with apparently 
similar proportions of the defect may vary in 
infertility, this variation may be either due to 
such unrecognized causes of sperm dysfunc-
tion, or to the numbers of undamaged sperm 
reaching the fertilization site.

RUFFLED AND INCOMPLETE ACROSOMES. Ruffled 
and incomplete acrosomes have been 
reported in sub-fertile bulls (Saacke et al.,
1968). Here, ruffled acrosomes had an irregu-
lar staining pattern that provided a wrinkled, 
or ruffled, appearance. Incomplete acrosomes 
showed an irregular margin, giving the 
appearance that part of the acrosome was 
missing or incomplete. A genetic basis was 
suggested by the occurrence of all three acro-
some defects (knobbed, ruffled and incom-
plete acrosomes) in four sons of a sub-fertile
Holstein sire. Some similarity has also 
been drawn with acrosome abnormalities 
described in ‘genetically-determined quasi-
sterile’ male mice (Rajasekarasetty, 1954).

Defects of the sperm head

DECAPITATED SPERM DEFECT (HEADLESS FLAGELLAE,
DISINTEGRATED, ACEPHALIC, MICROCEPHALIC, PIN

HEAD). Separation of the sperm head from 
its corresponding midpiece and tail can be 
caused by a number of adverse environmen-
tal factors affecting either spermiogenesis 
or sperm maturation (Barth and Oko, 1989), 
and also sperm integrity post ejaculation. 
The attachment of the sperm head and mid-
piece occurs during spermiogenesis and is 
mediated by the interaction between the 
centrioles and the spermatid nucleus (Baccetti 
et al., 1984; Chemes et al., 1999; Chemes and 
Rawe, 2003). When the centriole-tail anlage 
(primordium) fails to attach normally to the 
nucleus, heads and tails develop independ-
ently and separate at spermiation, with 
the heads often being phagocytosed by 
Sertoli cells or during epididymal passage 
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(Chemes et al., 1999; Toyama et al., 2000). 
A variety of manifestations occur, leading to 
corresponding and confusing terms, some of 
which are at odds with their common patho-
genesis. These terms include decapitated, 
headless and acephalic sperm, as well as ‘pin 
heads’ (Chemes and Rawe, 2003). The latter 
term can be misleading as it often refers to a 
phenotype in which the sperm head is absent, 
but where a structure is retained that resem-
bles a small sperm head. These structures have 
been shown to contain no traces of chromatin 
and are due to structural rearrangements, 
including retained cytoplasmic material, at the 
proximal end of the principal piece. In contrast, 
small sperm heads have been associated with 
fragmented DNA (Encisco et al., 2011).

A specific, sterilizing form of decapitated 
sperm has been reported in several cattle 
breeds (Guernsey, Hereford, Swedish Red 
and White) in which the majority (80–100%) 
of sperm are affected, and where the sepa-
rated tail usually retains motility. Early work 
indicated that separation was associated with 
defective development of the sperm head 
implantation groove and basal plate, and first 
became evident as sperm traversed the 
epididymis (Settergren and Nicander, 1968; 
Blom and Birch-Andersen, 1970). More recent 
findings (Chemes et al., 1999) provide a more 
definitive account, in which the centriole-tail
anlage fails to connect, as described above. 
Evidence for the hereditary nature of this 
defect occurs in bulls (most probably via a 
sex-limited recessive gene with male and 
female carriers; Jones, 1962; Van Rensburg 
et al., 1966) as well as in humans (Baccetti 
et al., 1984, 1989b, 2001; Chemes et al., 1999). 
In a group of Hereford bulls, this defect 
apparently occurred in conjunction with tes-
ticular hypoplasia (Williams, 1965).

Blom (1977) suggested the following cri-
teria as being characteristic features of the 
decapitated sperm defect in bulls:

1. Separation of heads and tails in 80–100% of 
ejaculated sperm.
2. Active movement of the majority of sepa-
rated tails.
3. A proximal bending or curling of the 
sperm midpiece around a retained cytoplas-
mic droplet in a number of the separated tails.

ROUND-HEADED SPERM (GLOBOZOOSPERMIA). The
‘round-headed’ sperm defect can occur as a 
specific defect in the human in which the 
entire sperm population is affected and where 
it occurs in association with other features, 
such as an absence of the acrosome and the 
post-acrosomal cap (Chemes, 2000), infertility 
(Schirren et al., 1971; Pedersen and Rebbe, 
1974; Baccetti et al., 1977) and various degrees 
of abnormal chromatin condensation. This 
defect was reported in four infertile men (two 
of whom were brothers), where it affected 
100% of ejaculated sperm (Kullander and 
Rausing, 1975). Many of the sperm heads con-
tained vacuole-like structures; none had an 
acrosome attached. The defect is considered 
to arise during spermiogenesis, probably due 
to a malfunction of the Golgi apparatus 
(Baccetti et al., 1977). In in vitro studies, no 
round-headed sperm showed binding with 
the zona pellucida.

DIADEM/CRATER DEFECT. Although the diadem/
crater sperm defect has been considered as 
being of genetic origin, there is little evidence 
to support this contention. On the contrary, 
it appears that it represents part of a stereo-
typed response to a wide variety of spermato-
genic insults and, as such, occurs in all 
domestic species. Theories concerning the 
aetiology of the defect include the deleterious 
actions of reactive oxygen species (ROS) 
during a critical phase of spermiogenesis. 
Here, the severity and length of insult, as 
well as the time between insult and assess-
ment, determine which sperm malforma-
tions are most evident, though there is a 
consistent sequence in which certain abnor-
malities predominate in the ejaculate (Vogler 
et al., 1993), as shown in Fig. 7.1. Thus, many 
sperm abnormalities formerly considered to 
be discrete entities can now be regarded as 
part of a consistent response spectrum of the 
spermatogenic epithelium to stressors (Larsen 
and Chenoweth, 1990; Chenoweth, 2005), and 
represent a failure of normal chromatin 
condensation (Boitrelle et al., 2011). Such 
abnormalities include pyriform and ‘unripe’ 
(undeveloped) heads, various manifest-
ations of craters and vacuoles. While the 
diadem/crater defect is not regarded as 
genetic per se, it is possible that genetic 
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predispositions to this condition may occur. 
For example, individuals vary in their capa-
bility to regulate testicular temperatures, and 
this variation could be associated with physi-
cal traits that may have a heritable basis.

ROLLED HEAD/NUCLEAR CREST/GIANT HEAD SYNDROME. 
A number of sperm head abnormalities, i.e. 
rolled heads, nuclear crests and giant heads, 
are frequently observed in combination with 
others, thereby leading to the assumption 
that they have a common origin (Blom, 1980; 
Cran et al., 1982). Where such abnormalities 
occur in significant numbers, there have been 
suggestions of hereditary linkages (Barth and 
Oko, 1989), though similar defects have also 
occurred with ethylene dibromide-induced
teratospermia in rams (Eljack and Hrudka, 
1979). The ultrastructure of rolled heads and 
nuclear crests was described by Cran et al.
(1982) in sperm from a Friesian bull, whose 
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Fig. 7.1. The sequential development (steps 1 to 5) 
of different forms of the diadem/crater defect 
following spermatogenic stress. From Chenoweth, 
2005 – permission granted by Elsevier.

sperm also showed knobbed acrosomes. It is 
suggested that rolled head and crested sperm 
both represent a manifestation of the giant 
sperm head abnormality (Blom, 1980; Barth 
and Oko, 1989), and that they represent 
increased ploidy (Gledhill, 1965; Barth and 
Oko, 1989). Bulls with this defect generally 
exhibit a consistent spermiogram over time 
(Barth and Oko, 1989). Although effects on 
fertility are unclear, it is logical to assume that 
non-haploid sperm would result in compro-
mised fertility, as encountered, for example, 
in males with Klinefelter’s syndrome (Shah 
et al., 2003). In work with inbred lines of beef 
cattle at the San Juan Basin Research Center 
of Colorado State University, Salisbury and 
Baker (1966b), concluded that the occurrence 
of diploid spermatozoa can be genetically 
influenced.

ABNORMAL DNA CONDENSATION AND INTEGRITY. Differ-
ences in sperm DNA content between fertile 
and infertile males were first described by 
Leuchtenberger et al. (1953) in humans, and 
by Gledhill (1965) and Gledhill et al. (1966) 
in bulls. Earlier work was conducted using 
light microscopy in conjunction with DNA-
targeting stains; for example, Salisbury et al.
(1977) used Fuelgen-DNA staining patterns 
of sperm to conclude that ‘differences in 
spermatozoan DNA exist, not only among 
individuals of the same species but also 
among sperm in the same ejaculate’. Signs 
of abnormal sperm DNA are difficult to 
identify using routine microscopic tech-
niques, and the task is laborious when using 
fluorescent microscopy. Here, the use of 
flow cytometry in concert with DNA-
specific fluorochromes allows the rapid 
assessment of nuclear chromatin character-
istics in large numbers of sperm. Abnormal 
sperm nuclear chromatin can signify distur-
bances of spermatogenesis, sperm abnor-
malities and infertility in a number of 
species (Ballachey et al., 1987).

Defects of the sperm midpiece

‘PSEUDO-DROPLET’ DEFECT. This defect, which 
is characterized by a local thickening on the 
midpiece, was first observed in five related 



160 P.J. Chenoweth and F.J. McPherson

Friesian bulls in Denmark (Blom, 1968), in 
which 7–26% of ejaculated sperm were affec-
ted. Under normal microscopy, the defect 
resembles retained cytoplasmic droplets, but 
it tends to occur in regions where droplets are 
encountered less frequently (e.g. the middle 
of the midpiece). They are also more likely to 
be irregular in shape and more visually dense 
than cytoplasmic droplets.

A ‘mictotubular mass defect’ of sperm-
atozoa was reported in the semen of seven 
Standardbred stallions in which a genetic 
link was suggested (Heath et al., 1985). Here, 
irregular masses in the proximal region of 
the midpiece contained torturous arrays of 
small abnormal microtubules. Similar struc-
tural defects (termed ‘knobs’) were observed 
in a sterile stallion (Chenoweth et al., 1970), 
in bulls that had been diagnosed with a viral 
disease (bovine ephemeral fever), and also 
in Brahman bulls fed high levels of gossypol 
(Chenoweth et al., 1994), where the abnor-
mality was first evident during sperm tran-
sit in the epididymis (Chenoweth et al.,
2000). Here, ultrastructual examination 
showed that the abnormal structural fea-
tures were caused by accumulations of dis-
placed mitochondria.

‘CORKSCREW MIDPIECE’ DEFECT. The ‘corkscrew 
sperm defect’ was first described in the ejacu-
lated sperm of two sterile bulls (Blom, 1959), 
where it was observed as an irregular distri-
bution (‘lumps’) of mitochondria that resem-
bled a corkscrew under light microscopy. 
A genetic cause was suggested, as four of the 
first five bulls in which the defect was 
observed were related. The ultrastructural 
appearance of this defect suggests that it 
shares a common aetiology with the ‘pseudo-
droplet’ defect. This theory is supported by 
reports in which both defects occurred 
together: in infertile stallions (Chenoweth 
et al., 1970; Heath et al., 1985); in bulls follow-
ing a viral disease (bovine ephemeral fever 
(Burgess and Chenoweth, 1975); and in bulls 
being fed gossypol (Chenoweth et al., 2000). 
Further doubt concerning the genetic basis of 
this defect came with suggestions that it was 
associated with preputial ejaculation (Blom, 
1973b) and with increased levels of radio-
activity (Blom, 1978).

‘DAG’ DEFECT. Named after the Jersey bull in 
which it was first identified (Blom, 1966), 
this defect is characterized by strong fold-
ing, coiling and fracture of the distal part 
of the sperm midpiece (with or without 
a retained distal cytoplasmic droplet). 
Because a similar spermiogram was also 
observed in a full brother to ‘Dag’, a heredi-
tary basis was suggested, although this 
defect has also been associated with ele-
vated dietary zinc levels (Blom and 
Wolstrup, 1976). The defect may reflect dis-
turbance in the testicle or epididymis, and 
may also be observed at low levels (<4%) in 
semen, which is regarded as normal. Levels 
of >50% can have serious fertility implica-
tions (Barth and Oko, 1989). A similar defect 
was reported in a sub-fertile boar (Van 
Duijn, 1972), as well as in a Standardbred 
stallion where the majority of sperm exhib-
ited ‘Dag-like’ defects (Hellander et al.,
1991), and also in an infertile Saanenthal 
(Dutch White) buck (Molnár et al., 2001). 
Similar irregular midpiece formations in 
bull semen have been associated with 
bovine ephemeral fever (Burgess and 
Chenoweth, 1975) and with gossypol sperm-
atoxicity (Chenoweth et al., 2000).

Defects of the sperm tail

TAIL STUMP DEFECT, SHORT TAIL DEFECT, DYSPLASIA

OF THE FIBROUS SHEATH (DFS). The tail stump 
defect was first reported in bulls (Williams 
and Savage, 1925) and has since been identi-
fied in the mouse, rabbit, dog, stallion and 
man (Barth and Oko, 1989). Three sterile 
Canadian bulls (Ayrshire, Shorthorn, 
Holstein) showed virtual absence of the 
sperm midpiece and tail in the majority of 
ejaculated sperm, where they were repre-
sented by a small ‘stump’ or ‘stub’ (Coubrough 
and Barker, 1964). In addition, sperm concen-
tration was very low and sperm motility was 
virtually absent. Monitoring of sperm morph-
ology in these bulls indicated that the per-
centage of sperm with the defect increased 
with the age of the bulls. It has been sug-
gested that a prevalence of >25% of this defect 
in the bull ejaculate is suggestive of a genetic 
problem (Barth and Oko, 1989). Other reports 
have linked this defect with sterility in bulls 
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(Blom, 1976; Williams, 1987; Peet and Mullins, 
1991), and suggestion has been made of an 
inherited mode of transmission (Vierula et al.,
1987; Barth and Oko, 1989; Foote et al., 1992). 
A short tail defect was reported in three 
Nelore breed bulls in which 34–70% of the 
sperm population were affected and sperm 
motility was completely absent (Siqueuira 
et al., 2010). Encisco et al. (2011) noted that 
short tail sperm in bulls also tended to have 
fragmented DNA.

A heritable ‘short tail’ sperm defect asso-
ciated with infertility has been reported in 
Yorkshire boars (Andersson et al., 2000). 
A similar defect has been reported in wild 
boars (Cisale et al., 2001). A condition termed 
immotile short tail syndrome (ISTS) has been 
reported in boars in which sperm have sig-
nificantly shorter tails (15.4 mm versus 47 mm)
and contain significantly greater incidence of 
proximal cytoplasmic droplets (72.4% versus 
6.9%) than do non-affected boars (Sukura 
et al., 2002).

It is now recognized that a number of 
systematic sperm defects share a short, thick 
tail as a common feature, leading to overlaps 
in recognition and categorization (Baccetti 
et al., 1975, 1993; Chemes and Rawe, 2003). 
These include the stump tail and short tail 
sperm defects and DFS (Chemes et al., 1987a, 
1998). Sperm with DFS have characteristic 
short, thick and irregular flagellae associated 
with a ‘redundant and haphazardly arranged’ 
fibrous sheath (Chemes, 2000; Chemes and 
Rawe, 2003). Affected sperm display a com-
plete or partial lack of dynein (motor protein) 
arms and abnormal mitochondrial disposi-
tion (Rawe et al., 2001), and increased ubiqui-
nation of affected areas (Sutovsky et al., 2001). 
A complete lack of midpiece mitochondria 
has been described, which is possibly of 
genetic origin (Zamboni, 1992).

Care should be taken to differentiate 
this condition from the ‘accessory tail defect’ 
in bulls, which probably shares a common 
aetiology with the condition of abaxial 
sperm midpiece, and is reported to have 
little adverse impact upon bull fertility 
(Barth, 1989).

PRIMARY CILIARY DYSKINESIA/IMMOTILE CILIA SYNDROME

(PCD/ICS). First described in human sperm 

(Afzelius et al., 1975; Afzelius, 1976; Afzelius 
and Eliasson, 1979), where it was associated 
with chronic respiratory disease, this syn-
drome is now recognized as representing a 
diverse group of disorders characterized by a 
structural and generalized abnormality of 
ciliated cells. In man, a systemic axonemal 
alteration is associated with Kartagener’s 
syndrome in which the males are infertile and 
possess immotile spermatozoa. Here, in com-
mon with other ciliated cells in the body 
(such as respiratory epithelial cells), affected 
sperm (and respiratory tract cilia) have per-
turbed axonemal structures, e.g. part or com-
plete absence of dynein arms, microtubule 
disorganization or absent radial spokes, and 
short tails (Baccetti et al.,1975, 1993). This sug-
gests that these structures, which share com-
mon organization, have similar genetic 
coding. In humans, a high incidence of PCD/
ICS has been noted in Polynesian populations 
(Waite et al., 1978), probably associated with 
autosomal recessive mutation(s) (Chemes 
and Rawe, 2003).

Similar sperm aberrations occur in ani-
mals, although here the link with respira-
tory diseases has not been adequately 
pursued. In mice, alterations to sperm tail 
axonemal complexes were observed in 
genetically similar individuals that were 
sterile (Leestma and Sepsenwol, 1980). 
Later work with mice using gene knockout 
models has identified specific defects of the 
sperm flagellum associated with impaired 
motility (Escalier, 2006), demonstrating that 
a number of cellular pathways involved 
with different aspects of the sperm mid-
piece and tail assembly can be implicated, 
as well as a number of different genes. 
It should be noted that the axonemal com-
plex contains over 200 proteins, defects in 
any of which could be related to problems 
with genetic coding. For example, KPL2
gene insertion in porcine chromosome 16 is 
linked with the ‘immotile short-tail sperm 
defect’ of pig sperm, in which sperm pro-
duction is much reduced (Kopp et al., 2008). 
Other genes implicated in primary ciliary 
dyskinesis include those encoding for 
sperm flagellar protein 2 (Sironen et al.,
2011) and for tubulin tyrosine ligase-like 
1 protein (Vogel et al., 2010).
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Conclusions

There are many genetic influences on male 
fertility and infertility, and our knowledge 
and awareness of these is increasing rapidly in 
step with the development and use of modern 
technologies. The challenge, as always, is to 
differentiate between true genetic problems 
and those that are due to environmental 

causes – a task made more difficult by inter-
actions between the two. Categorization as a 
true heritable factor requires a burden of 
proof that has rigorous rules of application 
(Chenoweth, 2005), and thus the term ‘genetic’ 
should not be used lightly. This is particularly 
relevant in the context of the livestock pure-
bred breeding industries, where genetics and 
marketability are often synonymous.
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reproductive behaviour as adults (Schulz 
et al., 2004). The exposure to testosterone is a 
priming effect; animals not exposed to testos-
terone at birth cannot respond to the pres-
ence of testosterone at puberty with normal 
breeding behaviour. Exposure to oestrogen 
at the time of birth also may be important for 
later reproductive success. In male labora-
tory animals, lack of oestrogen exposure at 
birth has been associated with decreased fre-
quency of mounts when breeding (Pereira 
et al., 2003).

Normal sexual behaviour and normal 
semen quality do not always develop simul-
taneously (Corrada et al., 2006; Root Kustritz, 
2010a). In one study of male Beagles, the dogs 
were incapable of ejaculation until they were 
nearly 8 months old (Takeishi et al., 1975). 
Determination of puberty onset in male dogs 
historically required proof through breeding 
attempts and successful siring of pups. 
Modern techniques include semen collection 
and evaluation, but in determining the nor-
mality of breeding behaviour, there is no 
more definitive test than observation after 
exposure to an oestrous bitch.

Normal male breeding behaviour inclu-
des investigation of a bitch’s hindquarters, 
vulvar secretions, anal gland secretions and 

Introduction

There is little in the veterinary literature 
describing andrology in stud dogs and tom-
cats compared with the wealth of information 
that is available for large animal species. The 
documentation that is available includes 
information on best practices for the cryo-
preservation of spermatozoa, and on the 
semen ‘dose’ for optimal conception rate and 
litter size in bitches and queens. Finally, there 
is very limited information on the biosecurity 
of shipped semen. This is a review of the cur-
rent body of literature that is available in 
canine and feline theriogenology.

The Dog

Puberty

Definition and clinical determination

Puberty, or sexual maturity, is defined as 
demonstration of normal semen quality and 
normal breeding behaviours. Male animals 
require exposure to testosterone before and 
immediately at the time of birth if they are to 
show normal development and normal 
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urine. Inhalation of pheromones and flehmen
behaviour in dogs is observed as chattering of 
the teeth, because the vomeronasal organ is 
located behind the upper incisors and dogs 
present pheromonal compounds to that area 
with rapid flicking of the tongue. Intact male 
dogs often urinate over the urine of an oes-
trous female, presumably to ‘hide’ it from 
competing males. Male dogs may show 
mounting and thrusting behaviour as young 
as 4–6 weeks of age, which is associated with 
play (Fuller and Fox, 1969; Campbell, 1975; 
Beaver, 1977). If this play behaviour is 
restricted, adult mating behaviour may be 
adversely affected (Beaver, 1977).

Breeding behaviour at puberty is not 
instinctive; it has been demonstrated that 
61% of young male dogs will demonstrate 
abnormal behaviours such as attempting to 
mount the bitch’s head instead of hindquar-
ters (Beach, 1968).

The normal male will investigate the 
female and, if she stands and is not hostile, 
will attempt to mount. The amount of time 
before the male mounts and the number of 
mounts he attempts before intromission 
occurs are variable and are not associated 
with fertility. The male dog clasps his fore-
limbs just in front of the bitch’s hind limbs 
and thrusts vigorously for several minutes. 
Spermatozoa are deposited into the vagina at 
that time. As the male’s penis continues to 
engorge, it becomes too large for withdrawal 
from the vagina and vulva, forming the copu-
latory lock, or tie. The male, still with his 
penis caught within the vulvar lips, will step 
one hind limb over the bitch’s back, twisting 
the penis in a horizontal plane such that the 
bitch and stud are standing facing opposite 
directions. During this time, vaginal contrac-
tions and pulses of prostatic fluid help move 
spermatozoa cranially in the bitch’s repro-
ductive tract. The average duration of the 
copulatory lock is about 15 min.

Underlying factors

As in many species, puberty occurs when 
males reach about 80% of adult body weight. 
Because of the great variation in size of 
domestic dog breeds, there is a great variation 
in expected age of puberty onset; there is a 

positive correlation between age at puberty 
onset and expected weight at adulthood. Toy 
and small breed dogs may be sexually mature 
as early as 4–6 months of age, while large and 
giant breed dogs may not reach sexual matu-
rity until 18–24 months of age (Beaver, 1977; 
Root Kustritz, 2010a).

Fertility and determination 
of breeding soundness

History and pre-breeding testing

When dogs are presented for breeding sound-
ness examination, questions that should be 
asked include: history of breeding attempts, if 
any; time since last used for breeding or 
semen collection; any traumas or surgery, 
especially to the scrotum, prepuce or penis; 
history of febrile or systemic disease; drugs or 
other chemicals administered; brucellosis 
testing; general historical information, includ-
ing diet and dietary supplements, and work-
ing history. Questions also may be asked 
about the sire’s semen quality; some semen 
characteristics, such as high sperm motility 
and low sperm output, have been reported to 
be highly heritable (England et al., 2010).

Any internal or external insult causing 
increased intrascrotal temperature may lead to 
morphological abnormalities of spermatozoa 
and decreased number of spermatozoa, even if 
no change of the testis is obvious on palpation. 
This includes febrile disease, hyperthermia 
and any direct insult to the scrotum, including 
frostbite. Drugs implicated in poor semen 
quality in male dogs include glucocorticoids, 
anabolic steroids, antifungal agents (including 
ketoconazole) and chemotherapeutic agents 
(Johnston et al., 2001a).

Genetic testing takes two forms in stud 
dogs. One is evaluation for hereditary disease 
that might preclude use of the animal for 
breeding. Specific genetic disorders of concern 
and tests available vary by breed and are best 
determined by accessing national breed club 
health information. For example, the national 
breed clubs of all registered breeds in the 
American Kennel Club in the USA are required 
to provide current information about diseases 
of concern and availability of testing.
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Genetic tests include the following: phys-
ical tests, which assess for presence or absence 
of disease directly, such as radiographs to 
assess for hip or elbow dysplasia; biochemical 
tests, which identify specific alterations in 
metabolism associated with hereditary dis-
ease; or DNA-based tests, which identify spe-
cific chromosomal alterations associated with 
disease (Patterson, 2009). Some genetic tests 
identify specific mutations associated with a 
clinical condition; the mutation present often 
varies by breed, and more than one mutation 
may cause a similar condition. Other DNA-
based tests are linkage tests, which identify 
the presence of DNA associated with, but not 
necessarily causative, of the condition seen. 
These are less exact tests. New tests become 
available regularly, and the author encourages 
veterinarians to help clients find information 
specific to their breed rather than to try to 
keep track of all tests available for all breeds.

Genetic testing also may be used to track 
the use of a given stud dog historically. Cheek 
swab samples can be collected easily from 
stud dogs and genetic information stored to 
permit parentage testing and create a data-
base to better define the incidence of heredi-
tary diseases if information from offspring is 
submitted to an open registry.

The other test that should be performed 
in all male dogs before use at stud is for 
Brucella canis, the causative agent of canine 
brucellosis (Hollett, 2006). Prevalence of this 
organism is higher among roaming dog pop-
ulations than in pet populations and is 
increasing in some parts of the world, possi-
bly because of increased movement of dogs 
between and within countries. B. canis pref-
erentially grows in tissues of the reproduc-
tive tract, including the prostate, testes and 
epididymides (Serikawa et al., 1984). The 
organism is shed in body fluids, including 
the urine and semen. Transmission is through 
ingestion or inhalation, but venereal trans-
mission may also occur. Because the disease 
is caused by a bacterium, culture is a defini-
tive diagnostic test (Boeri et al., 2008). There 
are, however, concerns about cultural tests, 
which include: difficulty in appropriate sam-
pling; overgrowth by normal flora in areas 
from which samples are drawn, necessitating 
multiple simultaneous cultures to enhance 

accuracy; cost; and potential exposure of 
laboratory personnel to this zoonotic organism. 
Serological tests include agglutination tests, 
agar gel immunodiffusion (AGID) tests, enzyme-
linked immunosorbent assays (ELISA) and 
polymerase chain reaction (PCR) tests. At pre-
sent, agglutination testing is best done for 
screening, with all positives double checked 
by AGID testing. When PCR tests become 
commercially available, they will become the 
screening tests of choice (Root Kustritz, 
2009). PCR testing on semen samples can be 
performed with exquisite sensitivity and 
specificity (Keid et al., 2009).

Physical examination findings

PROSTATE. The prostate is the only accessory 
sex gland in male dogs. It is palpable on trans-
rectal examination as a bilobed, symmetrical 
structure. It encircles the neck of the urinary 
bladder and may fall forward into the abdo-
men with increasing size and weight. If it is 
not palpable per rectum after this occurs, abil-
ity to palpate may be increased by use of the 
free hand to push the caudal abdominal con-
tents towards the gloved finger in the rectum, 
or by having an assistant ‘wheelbarrow’ the 
dog up on to its hind legs (Plate 6). If the pros-
tate is normal, the dog should not exhibit 
signs of pain on transrectal palpation.

If the prostate is symmetrically enlarged 
with age, this provides evidence of benign 
prostatic hypertrophy/hyperplasia (BPH), 
which may or may not be associated with 
changes in semen quality (O’Shea, 1962; 
Zirkin and Strandberg, 1984; Read and 
Bryden, 1995). If the dog exhibits signs of 
pain on palpation of the prostate, acute pros-
tatitis may be present; with chronic prosta-
titis, dogs rarely show signs of pain.

TESTES. Both testes are completely descended 
into the scrotum by 10 days of age in most 
dogs and are easily palpable in the scrotum 
by 12–16 weeks of age (Gier and Marion, 
1969). Testes are unlikely to descend if not in 
the scrotum by 6 months old – the average age 
at which the inguinal ring closes. Mon-
orchidism, or the development of one testis 
only, is extremely uncommon in dogs, so any 
dog without two descended testes should be 
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assumed to be cryptorchid (Burns and Petersen, 
2008). The testes should be symmetrical in 
size and shape, should have the consistency 
of a peeled, hard-boiled egg, and should be 
freely movable in the scrotum.

Size varies with breed. Total scrotal width 
and total sperm output are positively correlated 
with body weight (Table 8.1) (Olar et al., 1983; 
Woodall and Johnstone, 1988a,b). While size of 
the testes is not necessarily associated with 
semen quality, the recording of total scrotal 
width is a useful objective measure to help 
assess testicular change in dogs with age or dis-
ease (Plate 7). Decrease in testicular size may 
occur as a result of increased intrascrotal tem-
perature, trauma, brucellosis, functional testicu-
lar neoplasia, or occlusion of the epididymis or 
spermatic cord (Carmichael and Kenney, 1968; 
Vare and Bansal, 1973, 1974).

PENIS/PREPUCE. The penis should be extruded 
from the prepuce for inspection. A small 
amount of mucoid or mucopurulent discharge 
may be present at the preputial orifice or 
smeared over the surface of the penis in nor-
mal dogs. Similarly, a small number of lym-
phoid follicles may be visible on the bulbus 
glandis in normal dogs. Abnormalities of the 
penis that may be associated with poor semen 
quality and/or abnormal breeding behaviour 
include balanoposthitis, hypospadias, persis-
tent penile frenulum precluding normal erec-
tion, phimosis and penile neoplasia (Ader and 
Hobson, 1978; Ndiritu, 1979; Rogers, 1997).

GENERAL PHYSICAL EXAMINATION. A complete phys-
ical examination is recommended. This may 
include specific testing, such as testing for 
ophthalmic disorders through the US Canine 
Eye Registry Foundation (CERF), and car-
diac or hip evaluation for submission to the 
US Orthopedic Foundation for Animals 
(OFA), or other registries, as proof of worthi-
ness of the dog as a candidate for breeding. 
For determination of breeding soundness, 
complete physical examination may allow 
the detection of signs of systemic diseases or 
causes of poor libido due to the pain from 
arthritis or other conditions, and signs of 
specific conditions such as brucellosis. 
Obesity has been shown to be associated 
with poor semen quality in some species due 
to increased intrascrotal fat and the subse-
quent increase in intrascrotal temperature, 
but this has not been reported in dogs. Some 
people attribute the association of poor 
semen quality with obesity as a sign of hypo-
thyroidism, although experimental induc-
tion of hypothyroidism has not been 
associated with a decline in semen quality in 
dogs (Johnson et al., 1999).

Semen collection and libido

Electroejaculation is not routinely used in 
domestic dogs (Kutzler, 2005), in which man-
ual ejaculation is the method of choice. Semen 
collection should take place on a non-slip
surface. Some practitioners use a consistent 
rug or room, both to prevent injury and as a 
training aid. Presence of a teaser bitch, espe-
cially if she is in oestrus, increases the number 
of spermatozoa in the ejaculate (Traas and 
Root Kustritz, 2004). Other techniques for 
increasing the number of spermatozoa in the 
ejaculate include administration of prosta-
glandin F2alpha (PGF2alpha; 0.1 mg/kg subcut 
10–15 min before collection) or gonadotrophin-
releasing hormone (GnRH) (1–2 mg/kg IM 
60 min before collection) (Purswell and 
Wilcke, 1993; Root Kustritz and Hess, 2007). 
These techniques are synergistic; best results 
are with administration of PGF2alpha in 
the presence of an oestrous teaser bitch. 
The teaser bitch should be muzzled or other-
wise restrained so that she will not turn on 
the male dog.

Table 8.1. Comparison of body weight with total 
scrotal width in normal dogs. Adapted from Woodall 
and Johnstone, 1988b.

Body weight 
(kg (lbs))

Average 
total scrotal 
width (mm)

Acceptable range 
for total scrotal 

width (mm)

5 (11) 30 24–35
10 (22) 37 31–45
15 (33) 42 35–50
20 (44) 47 38–56
25 (55) 49 41–60
30 (66) 55 43–64
35 (77) 57 46–68
40 (88) 59 48–74
45 (99) 63 49–76
50 (110) 64 50–77
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For a collection vessel, cups, bags or 
commercially available artificial vaginas (AV) 
may be used. The author prefers to use an 
enclosed system, such as a rubber AV to 
which can be attached a centrifuge tube 
(Fig. 8.1). The advantage of this is twofold; 
the sample cannot be lost or adulterated as a 
result of vigorous thrusting by the dog or 
operator error, and use of the rubber vagina, 
which tightly encases the erect penis, best 
mimics natural breeding.

The dog is manually stimulated through 
the prepuce, briskly and enthusiastically. As 
erection begins, the prepuce is pushed proxi-
mal to the bulbus glandis and the AV intro-
duced. The fingers encircle the penis caudal to 
the bulbus glandis tightly, stimulating contrac-
tion of the constrictor vestibulae muscles dur-
ing the copulatory lock. Three fractions of 
semen are ejaculated. First is the clear pre-
sperm fraction, which originates in the pros-
tate (England et al., 1990). Next is the cloudy, 
sperm-rich fraction, which originates in the 
epididymes and testes, and may be associated 
with thrusting behaviour. The last fraction is 
clear prostatic fluid, which may be ejaculated 
after the dog attempts to step over the collec-
tor’s arm, mimicking the turn made by male 
dogs during the copulatory lock, which often is 
associated with rhythmic anal contractions 
and urethral pulsations. Once the dog ejacu-
lates the third fraction, collection can be dis-
continued as there will be no more ejaculation 
of a sperm-rich fraction during that collection 
attempt. The grip caudal to the bulbus is 
released and the AV gently peeled down the 
penis. The penis should undergo complete 
detumescence and the prepuce be checked to 

Fig. 8.1. Canine artificial vagina.

make sure it has not rolled in along the penis 
before the dog is kennelled. If penile detum-
escence is not occurring readily, as may be seen 
with inexperienced males, the operator should 
try walking the dog away from the environ-
ment where semen collection occurred, gently 
covering the erect penis with cool, moistened 
towels or rinsing it with cool water, or distract-
ing the dog with food or other treats.

Some male dogs are hesitant to breed 
bitches and rarely show investigative behav-
iour such as licking or sniffing at urine spots, 
or flehmen. Established causes of poor libido 
in male dogs include:

• Lack of appropriate stimulation. This may 
include bitches being presented before 
they are in oestrus or at optimal breeding 
time. The pheromone produced by 
bitches that identifies them as being in 
oestrous is methyl-p-hydroxybenzoate 
(Goodwin et al., 1979). A commercial 
product containing this compound has 
been marketed for enhancement of male 
libido.

• Negative breeding experience. This may 
include threatened or real injury from 
an aggressive bitch, injury to the penis 
during mating, or constant discipline by 
humans for mounting behaviour outside 
breeding. Some dogs that fail to show nor-
mal breeding behaviour as a result of anx-
iety may respond to use of dog appeasing
pheromone (DAP ® – Dog Appeasing 
Pheromone; CEVA Santé Animale, 
Intervet/Schering Plough Animal Health 
Canada Inc, Kirkland, Quebec), a com-
pound that originates from the intra-
mammary sebaceous glands of lactating 
bitches and has been demonstrated to 
reduce anxiety in adult dogs (Mills et al.,
2006). Melatonin has been shown to 
increase sexual behaviour in some labora-
tory animal species, but has not been eval-
uated in dogs (Brotto and Gorzalka, 2000).

• Pain when attempting to mount or ejacu-
late. This may be due to prostate disease, 
or to spinal or rear limb disorders.

• Improper breeding environment. Some 
dogs prefer to breed on their home turf 
where they presumably feel safe and 
may be more clearly the dominant male, 
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while others are comfortable breeding in 
any environment.

• Mate preference. Some dominant male 
dogs will breed with the dominant bitch 
only or with females of their own breed.

• Improper age. The dog is too young or 
too old.

• Abnormalities of sexual differentiation. 
This includes hermaphroditism and pseudo-
hermaphroditism, persistent Müllerian 
duct syndrome and segmental epididy-
mal aplasia (Majeed, 1974; Brown et al.,
1976; Hare, 1976; Marshall et al., 1982; 
Meyers-Wallen and Patterson, 1989; 
Batista et al., 1998).

Hypothesized causes for poor libido in 
animals include hyperprolactinaemia, which 
is associated with poor libido in human 
males and females, and hypothyroidism. 
Hyperprolactinaemia is not a demonstrated 
disorder in dogs, and researchers have also 
been unable to demonstrate change in libido 
with experimental induction of hypothyroid-
ism in dogs (Johnson et al., 1999). Low serum 
testosterone concentration has never been 
reported as a cause of poor libido in animals, 
although some males will show more interest 
in females when treated with testosterone. 
Routine treatment with testosterone is not 
recommended; remember that testosterone 
must be secreted in pulses for the normal 
production of spermatozoa to occur and if a 
dog is periodically provided with a large 
amount of testosterone, that pulsatile release 
is disrupted and negative feedback exerted 
on the pituitary, stopping the secretion of 
luteinizing hormone (LH) and subsequent 
secretion of testosterone for an unpredictable 
length of time.

Semen evaluation

GENERAL INFORMATION. There is little informa-
tion in the veterinary literature linking specif-
ics of semen evaluation to fertility in dogs. 
One author suggests that one can only make 
accurate predictions based on canine semen 
evaluation findings if semen quality is either 
very good or very poor (Peña Martínez, 2004). 
Ejaculated spermatozoa have generally not 
yet undergone capacitation and so do not 

exhibit the same functions as they would in 
a bitch’s reproductive tract. Spermatozoa 
attain motility while moving through the 
epididymis, so testicular or epididymal 
aspirates will yield immature spermatozoa. 
Results of the tests that may be performed as 
described below are affected by sample 
collection technique, time from sample collec-
tion to evaluation, equipment used, skill of 
the investigator and other factors (Rui et al.,
1986; WHO, 1999; Verstegen et al., 2006). 
Human semen collection is well described. 
The recommendations below may reflect some 
of those of the World Health Organization 
(WHO), which regularly updates a handbook 
describing quality control measures for human 
andrology laboratories (WHO, 1999). How-
ever, the procedures outlined here are for the 
evaluation of ejaculated canine spermatozoa 
(Root Kustritz, 2007).

Canine semen is evaluated at room tem-
perature. Excessive attempts to warm the 
semen may decrease its quality (Bartlett, 
1962; Chatterjee et al., 1976; Threlfall, 2003). 
The different components that are involved in 
the manual evaluation of semen are outlined 
below. Computer assisted sperm analysis 
(CASA) systems are also available and gener-
ate repeatable and accurate results with 
standardized settings (Schäfer-Somi and 
Aurich, 2007); they are very useful for some 
of the evaluations that need to be made (as 
noted below). Procedures for the use of CASA 
systems vary with the equipment used.

Semen evaluation findings should be 
recorded in a legally defensible and retriev-
able fashion. Appropriate semen evaluation 
forms are commercially available, such as 
that used by members of the Society for 
Theriogenology in the USA (Purswell et al.,
2010). General causes of abnormal semen 
quality in dogs are listed below (Table 8.2).

COLOUR. Normal canine semen is milky or opal-
escent. All samples that appear cloudy should 
be evaluated microscopically as some sam-
ples containing lipid droplets and no sperm-
atozoa can have this appearance. Clear 
semen is associated with lack of spermato-
zoa. A yellow coloration is usually due to urine 
contamination – in humans, such a yellow 
discoloration is described in men with icterus 



Applied Small Animal Andrology 183

or after the ingestion of certain vitamins 
(WHO, 1999). Green is indicative of a puru-
lent discharge, which could arise either from 
the penis/prepuce or prostate. Brown is indi-
cative of pooled blood, usually seen with 
prostate disease (Plate 8). Frank blood may be 
due to prostate disease or to penile trauma 
during collection. Occasionally, dogs achiev-
ing complete erection for the first time will 
bleed from the surface vessels on their penis; 
this is obvious by visual inspection.

Table 8.2. Causes of abnormal semen quality 
in dogs.

Abnormality of the 
semen Possible causes

Aspermia (no fluid 
ejaculated)

Poor libido
Apprehension
Pain in rear limbs or 

spine
Dog very old or very 

young
Asthenozoospermia 

(fewer than 70% 
progressively motile 
sperm in the 
ejaculate)

Orchitis
Prostatitis
Brucellosis
Testicular neoplasia
Hypothyroidism
History of high fever
Immotile cilia 

syndrome
Leishmaniasis

Azoospermia 
(no spermatozoa 
in the ejaculate)

Abnormal sexual 
development

Hypothyroidism
Apprehension
Cryptorchidism
History of high fever
Testicular neoplasia
Epididymal

occlusion
Oligozoospermia 

(fewer than 200 to 
300 million sperm 
in the ejaculate)

Orchitis
Prostatitis
Pain
Hypothyroidism
Retrograde 

ejaculation
History of high fever

Teratozoospermia 
(fewer than 80% 
morphologically 
normal sperm in the 
ejaculate)

Orchitis
Prostatitis
Brucellosis
Testicular neoplasia
Hypothyroidism
History of high fever

VOLUME. Volume is not in and of itself an 
indicator of semen quality because it is 
dependent on the operator who collected the 
semen. If more of the third, or prostatic, frac-
tion is collected, the sample will be larger in 
volume and more dilute. Volume should be 
recorded before any samples are withdrawn 
as that value will be used to calculate total 
number of spermatozoa in the ejaculate.

PH. Measurement of pH was done tradition-
ally to help clinicians choose an appropri-
ate antibiotic that could penetrate and be 
trapped within the prostate. Normal pH in 
non-fractionated canine semen is reported to 
vary from pH 6.4 to 6.8 (Bartlett, 1962; 
Chatterjee et al., 1976; Daiwadnya et al., 1995). 
The inherent inaccuracy of pH measurement 
with pH paper and the emergence of anti-
biotics that ionize at multiple pH values 
have decreased the value of pH testing of 
canine semen.

PERCENTAGE PROGRESSIVE MOTILITY. Percentage pro-
gressive motility is assessed on neat semen. 
A small volume is placed on a glass slide. 
A coverslip may or may not be applied; indi-
vidual clinicians should be consistent in the 
technique used to make their analyses con-
sistent. A subjective assessment is made of 
percentage of spermatozoa moving forward. 
Evaluation also can be made of speed and 
quality of progression; a canine spermato-
zoon with normal motility should traverse 
the microscope field of view at 100× magnifi-
cation in 2–3 s (Threlfall, 2003). The use of 
CASA systems permits the identification of 
details of spermatozoal movement that can 
be incorporated into equations to produce 
defined scores, such as a Sperm Motility 
Index (Rijsselaere et al., 2002). The author is 
unaware of any published reports associating 
such values with fertility in dogs. Similarly, 
details of movement can be used to identify 
subpopulations of spermatozoa within a 
sample that may respond differently to cryo-
preservation or alter fertility (Rigau et al.,
2001; Núñez-Martínez et al., 2006; Peña et al.,
2006). The author is also unaware of any pub-
lished reports associating identification of 
these subpopulations with fertility in dogs.
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Normal percentage progressive motility 
in dogs is 70% or greater. The percentage of 
progressively motile spermatozoa is not 
affected by frequency of semen collection 
(Boucher et al., 1958; England, 1999) and is 
positively correlated with the percentage 
of morphologically normal spermatozoa 
(Ellington et al., 1993; Agarwal et al., 2003). 
Causes of decreased motility include contam-
inated collection equipment, testicular dis-
ease, prostatic disease and canine brucellosis. 
If all spermatozoa are non-motile, another 
ejaculate should be collected using different 
equipment to ensure that the lack of motility 
is not an artefact of collection technique. 
Pathological causes of asthenozoospermia, or 
poor motility, are the same as those for abnor-
mal morphology, but one cause that is unique 
to asthenozoospermia is immotile cilia syn-
drome, or ciliary dyskinesis; this usually is 
associated with respiratory disease. Another 
unique cause is infection with Leishmania chagasi,
which has been associated with asthenozoo-
spermia but with no other changes in semen 
quality (Assis et al., 2010). Appropriate diag-
nosis is valuable, as although leishmaniasis 
is usually spread through an insect vector, 
affected dogs may shed organisms in their 
semen and transmit disease to naive bitches 
(Silva et al., 2009).

CONCENTRATION /TOTAL NUMBER OF SPERM. Sperm
concentration is measured with a haemocyt-
ometer. Due to the fluid dynamics associated 
with use of chambers in CASA systems, 
haemocytometer measurement is more accur-
ate and is the gold standard method (Kuster, 
2005). The semen sample is diluted 1:100. 
This can be accomplished using the Unopette 
white blood cell counting system (Becton-
Dickinson, Rutherford, New Jersey). Semen is 
drawn up into the 20 ml pipette and dispen-
sed into the diluent chamber. Alternatively, 
a hand dilution can be made by diluting 1 part 
semen with 9 parts formal-buffered saline to 
make a 1:10 dilution, then taking 1 part of the 
1:10 dilution and adding 9 parts of formal-
buffered saline to make a 1:100 dilution. The 
diluted semen is dispensed under the glass 
coverslip of the haemocytometer and per-
mitted to fill that volume by capillary action. 
The haemocytometer grid is made up of nine 

large squares. All of the spermatozoa within 
any one of these large squares are counted. 
The operator should focus up and down 
while counting to see all the sperm, some of 
which will float head up or head down and 
so not be visible continuously in the grid. 
The number of spermatozoa counted is the 
concentration in millions/ml. This value var-
ies with collection technique; as stated above, 
if more of the third, or prostatic, fraction is 
collected, the sample will be larger in volume 
and more dilute.

CASA systems and optical density (OD) 
measurements can be used to assess the 
concentration of spermatozoa in dogs (Foote 
and Boucher, 1964; Gunzel-Apel et al., 1993; 
Eljarah et al., 2005; Kuster, 2005). Other 
reported techniques include the use of stand-
ardized photographs and of a spermatocrit. 
In the first method, sperm number is esti-
mated by comparing a neat sample in a 10 mm
chamber with photographs of a standardized 
concentration of spermatozoa; this technique 
has not been assessed in dogs. In the second 
method, the concentration of spermatozoa is 
determined by drawing up a sample in a 
haematocrit tube and evaluating percentage 
solids; this technique is not accurate in dogs 
(Root Kustritz et al., 2007).

The total number of spermatozoa in the 
ejaculate, unlike the sperm concentration, 
does not vary with collection technique and is 
the more valuable parameter for evaluation 
of semen quality. Total number is calculated 
by multiplying the concentration (millions/ml) 
by the volume (ml/ejaculate) to generate the 
value of millions of spermatozoa in the ejacu-
late. The normal total number is more than 
300 million and is dependent on testicular 
size. Some toy breeds with very small testes 
may be fertile with fewer than 300 million 
spermatozoa. For this reason, some authors 
suggest that the normal total number of 
spermatozoa may be as low as 200 million 
(Verstegen and Onclin, 2003).

Total number of spermatozoa in the ejacu-
late declines with increasing frequency of 
semen collection owing to emptying of the 
epididymal reserves (Foote and Boucher, 
1964; Taha et al., 1983; Schäfer et al., 1996; 
England, 1999). Normal dogs may exhibit oli-
gozoospermia or azoospermia as a result of 
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anxiety or pain (Peña Martínez, 2004). Patho-
logical causes of a decreased total number of 
spermatozoa include retrograde ejaculation, 
testicular neoplasia, orchitis, brucellosis, 
prostatitis, epididymal occlusion, and other 
causes of occlusion, such as spermatocele. 
Retrograde flow of a small amount of semen 
into the urinary bladder during ejaculation is 
normal. In some dogs, an excessive amount of 
semen flows into the urinary bladder such 
that a minimal number of spermatozoa are in 
the antegrade ejaculate. This most likely 
occurs as a mismatch of neural signals closing 
off the bladder neck during emission and 
ejaculation of semen. Other reasons include: 
anatomical causes, for example following 
surgery of the bladder or prostate; neuro-
pathic causes, for example secondary to dia-
betes mellitus; and psychological causes 
(Romagnoli and Majolino, 2009). Retrograde 
ejaculation can be artefactually created by 
inadequate penile manipulation during man-
ual semen collection (Schnee, 1985). Diagnosis 
requires collection of a urine sample by cysto-
centesis after ejaculation. Treatment options 
include phenylpropanolamine (3 mg/kg p.o. 
b.i.d. –by mouth twice daily) or pseudoephed-
rine hydrocholoride (3–5 mg/kg po t.i.d. – by 
mouth thrice daily; or 3 and 1 h before collec-
tion; Romagnoli and Majolino, 2009).

Differentiation of azoospermia due to 
apprehension from that due to occlusion may 
be made by measurement of alkaline phos-
phatase (ALP) in the seminal plasma. ALP in 
semen arises from the epididymis and semi-
niferous tubule epithelium (Kutzler, et al.,
2003). If the concentration of ALP in the semi-
nal fluid is >5000 IU/l, the ejaculated sample 
contains fluid from those tissues and occlu-
sion is ruled out.

PERCENTAGE MORPHOLOGICALLY NORMAL SPERMA-
TOZOA. Morphology, or shape, is often evalu-
ated on stained spermatozoa. Phase contrast 
microscopy permits the evaluation of unstained 
samples but is not available to most practi-
tioners. Several staining techniques are used 
to evaluate canine semen. Society for Therio-
genology stain (Lane Manufacturing, Denver, 
Colorado) is an eosin–nigrosin stain. One 
drop of semen and one drop of stain are 
placed at one end of a glass slide and another 

slide used to mix the drops and pull the 
resultant mixture out into a thick smear. This 
is allowed to air dry and is then evaluated 
under oil immersion; the spermatozoa will 
appear white or pink against a black or dark 
violet background. A triple stain, such as Diff-
Quik™ (Baxter Healthcare, Miami, Florida) can 
also be used. One drop of semen is placed at 
one end of a glass slide and another slide 
used to pull it out as for a blood smear. This is 
allowed to air dry. The dried slide can be 
immersed for 5 min in each of the three solu-
tions of the triple stain in sequence, rinsed 
and allowed to air dry before evaluation 
under oil immersion.

Another technique is to dip the dried 
slide into the fixative solution of the triple-
stain for 8–10 repetitions, then into the safra-
nin for 8–10 repetitions and finally into the 
crystal violet for 10–15 repetitions. The slide 
is not rinsed and the crystal violet is allowed 
to air dry on the slide before evaluation under 
oil immersion. The latter technique is quicker 
but slides must be evaluated immediately 
as the stain will start to crack over time, 
obscuring details of spermatozoa morphology. 
A consistent staining technique should be 
used, especially for serial evaluations of a 
given dog; different staining techniques may 
increase acrosome defects or defects of the 
head, midpiece and tail, perhaps owing to 
changes in pH or osmolarity of the stain used 
(Harasymowycz et al., 1976; Johnson et al.,
1991; Root Kustritz et al., 1998).

At least 100 sperm are counted. Precision 
is increased when higher numbers of sperm-
atozoa are assessed (Christensen et al., 2005). 
The spermatozoa in the middle third of the 
slide are those least likely to be affected by 
preparation technique (Harasymowycz et al.,
1976). The parameter of greatest interest is 
percentage morphologically normal sperm-
atozoa (MNS), which should be 80% or greater 
in normal dogs. It has been reported that fer-
tility is affected when the percentage of mor-
phologically normal spermatozoa is below 
60% in dogs (Oettle, 1993). Although there 
may be differences in percentage morphology 
as assessed by different investigators, this is 
of greatest significance in dogs with a pre-
ponderance of abnormal spermatozoa. Abnor-
malities can be classified as primary (occurring 
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during spermatogenesis), or secondary (occur-
ring after spermatogenesis or as an artefact of 
sample handling or preparation) (Plate 9). 
Some authors prefer to designate abnormali-
ties as major or minor, but because there is 
limited information in dogs on the correlation 
between given spermatozoal abnormalities 
and fertility, this author prefers the former 
terminology (primary/secondary).

Some morphological abnormalities asso-
ciated with infertility in dogs are proximal 
cytoplasmic droplets and knobbed acrosomes. 
One case report documented ultrastructural 
abnormalities at the sperm neck associated 
with the formation of proximal droplets, and 
the inability of affected sperm to undergo the 
hypermotility associated with capacitation 
and binding to oocytes (Peña et al., 2007). 
Four related and somewhat inbred dogs 
with high percentages of knobbed acrosomes 
were presented for failing to effect preg-
nancy when bred to fertile bitches (Santos 
et al., 2006).

Percentage MNS in a given dog is not 
altered by frequent semen collection (England, 
1999), but samples collected after a sexual rest 
may contain a higher number of morphologic-
ally abnormal spermatozoa, presumably as a 
result of the presence of a high number of 
aged spermatozoa from epididymal storage 
in the sample. Causes of abnormal sperm 
morphology include testicular disease, pros-
tatic disease, canine brucellosis and immatur-
ity (Corrada et al., 2006).

CYTOLOGY AND CULTURE. Canine semen is natur-
ally dilute, so cytological evaluation of neat 
semen is often unrewarding. Centrifugation 
and evaluation of the resultant pellet is more 
accurate. The presence of fewer than 200 
white blood cells/ml of semen is considered 
normal (Meyers-Wallen, 1991).

Because the distal urethra is not sterile, 
all semen samples contain some bacteria, but 
the culture of >100,000 bacteria/ml of any 
single organism is considered significant. It 
has been demonstrated that there may be sig-
nificant growth of bacteria from samples con-
taining unremarkable numbers of white 
blood cells; if the clinician is suspicious of 
infection, submission of samples for cultures 

should not be based solely on presence or 
absence of inflammatory cells in the ejaculate 
(Root Kustritz et al., 2005).

SPECIAL TESTS. Specific testing to evaluate cell 
membrane integrity and fertilizing capability 
are not commonly performed in dogs. Live–
dead staining involves evaluation of the 
colour of spermatozoa stained with eosin–
nigrosin stain. Those with damaged plasma 
membranes take up stain and appear pink, 
while those with intact plasma membranes 
appear white. The author is unaware of any 
reports in the literature documenting correlation 
between apparent numbers of (live) sperm-
atozoa and fertility in dogs. Hypo-osmotic 
swelling tests (HOSTs) also are used for the 
determination of membrane integrity. Sperm-
atozoa are submerged in a hypo-osmotic medium, 
such as sodium citrate and fructose (7.35 g 
and 13.51 g, respectively, in 1000 ml of distilled 
water) or 100 mM sucrose solution (Inamasu 
et al., 1999; Pinto et al., 2005; Pinto and Kozink, 
2008). Spermatozoa with intact plasma mem-
branes will take in water, as evidenced by coil-
ing of the tail (Peña Martínez, 2004). There are 
conflicting reports in the literature on correla-
tions between the results of HOSTs and sperm 
motility and morphology in dogs (England 
and Plummer, 1993; Kurni-Diaka and Badtram, 
1994; Inamasu et al., 1999; Pinto and Kozink, 
2008). The author is unaware of reports that 
correlate the results of HOSTs with fertility 
in dogs.

Centrifugation gradients may be used 
either to assess semen quality or to remove 
abnormal spermatozoa and other cells from 
the sample. These techniques increase the 
percentage of morphologically normal and 
progressively motile spermatozoa in treated 
samples, but may greatly decrease the total 
number of spermatozoa in that sample 
(Mogas et al., 1998). Some authors have 
attempted to evaluate DNA integrity as a pre-
dictor of fertility. Detailed measurement of 
head shape was used to demonstrate that 
specific variations in head shape could be 
associated with more fragmented DNA and 
decreased fertility (Núñez-Martínez et al.,
2007; Lange-Consiglio et al., 2010). Human 
andrology laboratories may evaluate canine 
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semen samples and report values for DNA 
fragmentation index and DNA stainability. 
Reference values have not been reported for 
the dog. Finally, tests used to assess fertilizing 
ability, which include zona binding and 
oocyte penetration assays (Peña Martínez, 
2004), are not routinely used in dogs.

INTERPRETATION OF SEMEN EVALUATION RESULTS. No 
dog should be condemned on the basis of 
one ejaculate. Examples of factors that may 
have an impact on semen quality include 
age, breed and inbred status of the dog. 
Studies in Dalmatians and Rottweilers iden-
tified declines in semen quality after 6 years 
of age (Schubert and Seager, 1991; Seager 
and Schubert, 1996). Serial evaluations of 
populations of Irish wolfhounds have dem-
onstrated lower libido, smaller testes and 
poorer semen quality compared with control 
dogs of other breeds (Dahlbom et al., 1997). 
One study in Foxhounds demonstrated 
decreased semen quality and a lower num-
ber of pups born live to dogs with inbreed-
ing coefficients of 0.125 to 0.558 (Wildt et al.,
1982). The reported insemination dose for 
fresh semen in dogs is 220–250 million mor-
phologically normal spermatozoa (Mickelsen, 
1991; Eilts et al., 2003), calculated as the total 
number of spermatozoa times percentage 
MNS. Dogs with very high numbers of 
spermatozoa may achieve that value, even 

with a relatively low percentage MNS. 
Owners of bitches to which these males are 
bred should be counselled that no math-
ematical calculation can ensure pregnancy 
in their bitch.

Fertility assessment

Infertility is usually recognized as a lack of 
pregnancy in bred bitches (Root Kustritz, 
2010b). The scheme shown below may be 
used to evaluate dogs presented for infertil-
ity (Fig. 8.2).

The Tomcat

Puberty

Definition and clinical determination

Puberty, or sexual maturity, is defined as the 
demonstration of normal semen quality and 
normal breeding behaviours. It is assumed 
that male cats require exposure to testosterone 
before and immediately at the time of birth if 
they are to show normal development and 
normal reproductive behaviour as adults, as 
do other species. The exposure to testosterone 
is a priming effect; animals not exposed to tes-
tosterone at birth cannot respond to the pres-
ence of testosterone at puberty with normal 

The dog is capable of normal mounting and erection

Yes No – Possible causes include psychological constraints,
      pain in the rear limbs or spine, prostate disease

       or penile abnormalities
Semen quality is normal

Yes No – See Table 8.2

The bitch is at the right stage
of the cycle for breeding

Yes No – Improper breeding management is the most common
cause of apparent infertility in bitches

Possible causes include prostate disease,
brucellosis, testicular neoplasia and genetic

incompatibility with the chosen female.

Fig. 8.2. Method for the evaluation of dog infertility.
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breeding behaviour. Exposure to oestrogen 
at the time of birth may also be important for 
later reproductive success. In male labora-
tory animals, lack of oestrogen exposure at 
birth has been associated with decreased fre-
quency of mounts when breeding (Pereira 
et al., 2003).

Normal sexual behaviour and normal 
semen quality do not always develop simul-
taneously. The determination of puberty 
onset in male cats historically required 
proof through breeding attempts and suc-
cessful siring of kittens. Modern techniques 
include semen collection and evaluation 
(see below), but in determining normality 
of breeding behaviour, there is no more 
definitive test than observation after expo-
sure to an oestrous queen. Normal breeding 
behaviour includes investigation of the 
queen and attempts to mount. Inhalation of 
pheromones and flehmen behaviour in cats 
is observed as stiffening and extension of 
the neck after investigation of the queen’s 
hindquarters. The tomcat grasps the scruff 
of the neck of the queen with his teeth. This 
grip does not break the skin and is not an 
aggressive act, but rather serves to stabilize 
the male and allow him to position the 
queen for copulation. Intromission and 
ejaculation last only seconds. The queen 
undergoes an after reaction consisting of 
rolling and licking, during which time the 
male will not approach her. In one study, 
domestic cats were demonstrated to mate 
an average of two times an hour, or 15 (or fewer) 
times in a day (Concannon et al., 1980; 
Beaver, 1992).

Underlying factors

As in many species, puberty occurs when 
males reach about 80% of adult body weight, 
which usually occurs at about 8–10 months of 
age (Root Kustritz, 2010c). Season has some 
effect; in temperate latitudes, cats are more 
likely to achieve puberty during the breeding 
season, which for most cats includes all 
months except those with the shortest day 
length. This effect increases nearer the poles 
and decreases nearer the equator. The effect is 
more pronounced in queens than in tomcats 
(Root Kustritz, 2010c).

Fertility and determination 
of breeding soundness

History and pre-breeding testing

When cats are presented for breeding sound-
ness examination, questions that should be 
asked include: history of breeding attempts, if 
any; any traumas or surgery, especially to the 
scrotum or penis; history of febrile or sys-
temic disease; and drugs or other chemicals 
administered.

Genetic testing is not commonly per-
formed in cats. Physical testing may be per-
formed for some specific hereditary disorders, 
for example renal ultrasound or biopsy for 
polycystic kidney disease in Persians. Blood 
typing should be performed, especially in cats 
of the Abyssinian, Birman, British Shorthair, 
Cornish Rex, Devon Rex, Himalayan, Persian, 
Scottish Fold and Somali breeds. Male cats 
should be bred to queens of the same blood 
type to prevent the development of neonatal 
isoerythrolysis (Bucheler, 1999).

Physical examination findings

ACCESSORY SEX GLANDS. The prostate and bul-
bourethral glands are the accessory sex 
glands of the cat. They are not palpable per 
rectum or transabdominally and are rarely 
diseased, and so are not routinely evaluated 
in domestic cats.

TESTES. Both testes are completely descended 
into the scrotum before birth in most cats. 
Monorchidism, or the development of one 
testis only, is uncommon in cats, so any cat 
without two descended testes should be 
assumed to be cryptorchid. The testes should 
be symmetrical in size and shape, should 
have the consistency of a peeled, hard-boiled
egg and should be freely movable in the scro-
tum (Johnston et al., 2001b).

PENIS. The penis of sexually intact cats is encir-
cled with cornified barbs, or spines (Plate 10). 
These spines are androgen dependent, do not 
appear until puberty and regress noticeably 
within 6 weeks of castration (Aronson and 
Cooper, 1967). The presence of penile spines 
can be used as a bioassay for testosterone.
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Libido

Some male cats are hesitant to breed and 
rarely show investigative behaviour such 
as flehmen or approaching the queen. Estab-
lished causes of poor libido in male cats 
include:

• Negative breeding experience. This may 
include injury to the penis during mating.

• Pain when attempting to mount or ejacu-
late. In cats, this is more commonly due 
to penile hair rings than to orthopaedic 
or prostatic pain, as in dogs.

• Chromosomal abnormality. The gene 
controlling the colours orange and black 
is on the X chromosome. As male cats 
should have only one X chromosome 
(38,XY), they can be orange or black, but 
not both colours. Male cats demonstrat-
ing both colours (calico – orange, black 
and white; or tortoiseshell – orange and 
black) must have more than one X chro-
mosome (39,XXY or a 38,XY/38,XY chi-
mera). These cats usually are infertile 
and may or may not show normal mat-
ing behaviour.

• Improper breeding environment. The 
tomcat is outside his territory.

• Improper age. The tomcat is too young 
or too old.

Semen collection

Semen collection by three techniques has 
been described. These are manual ejaculation, 
electroejaculation and the collection of a ure-
thral sample after anaesthesia.

Manual ejaculation should take place on 
a safe elevated surface with a non-slip cover-
ing. Presence of a teaser queen, either a 
queen in oestrus or a spayed female cat 
treated with oestrogen, may increase the 
chance of successfully collecting an ejaculate 
(Sojka, 1986). For a collection vessel, most 
people create an AV with a small centrifuge 
tube connected to a 2 ml rubber bulb pipette. 
The tomcat is presented to the queen and the 
AV introduced over the erect penis to catch 
the sample as he mounts. It has been reported 
that about three out of five toms can be 
trained to ejaculate using this method (Sojka, 
1986). This may be valuable in research, but 

Table 8.3. One reported regimen for 
electroejaculation in cats (Howard et al., 1990). 
For each stimulation, the rheostat is controlled to 
provide a slow rise to the desired voltage over 1 s, 
held at that voltage for 2–3 s, then abruptly returned 
to zero for 3 s. The cat is rested for about 30 s 
between sets.

Set 1 Set 2 Set 3

Stimulations 
(no.)

10–10–10a 10–10–10 10–10

Voltage (V) 2–3–4 3–4–5 4–5

aFor example, 10 stimulations at 2 V, 10 at 3 V then 10 at 4V.

as most practitioners are not likely to see the 
same tomcat repeatedly, it has little value in 
clinical practice.

Electroejaculation (EE) is considered by 
some to be the preferred semen collection 
technique in cats because it does not require 
the presence of an oestrous teaser queen or 
training of the male (Pineda et al., 1984; 
Zambelli and Cunto, 2006). Electroejaculation 
requires placement of the cat under general 
anaesthesia. Reported anaesthetic protocols 
include ketamine (25–33 mg/kg IM), mede-
tomidine (100–150 mg/kg subcut), and keta-
mine (5 mg/kg IM) with medetomidine 
(80 mg/kg subcut) (Platz and Seager 1978; 
Johnstone, 1984; Howard et al., 1990; Axnér 
and Linde-Forsberg, 2002; Zambelli et al.,
2004). A probe of appropriate size is intro-
duced into the rectum with the electrodes 
directed ventrally. The nerves are stimu-
lated in a varying pattern using a rheostat 
(Plate 11). One stimulation protocol is 
described below (Table 8.3). A small collec-
tion tube is placed over the penis to catch 
the sample.

Retrograde ejaculation is a normal part 
of the ejaculatory process in cats (Dooley 
et al., 1991). Semen may be retrieved from the 
urethra after administration of some anaes-
thetic agents. The regimen reported to be most 
successful is medetomidine (130–140 mg/kg 
subcut); a higher number of sperm is retrieved 
with medetomidine than with ketamine 
(Zambelli et al., 2007, 2010; Filliers et al., 2010). 
A tomcat catheter is passed into the urethra 
after drug administration to help retrieve the 
semen sample.
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Spermatozoa may be retrieved by post-
coital vaginal lavage of the bred queen or post-
coital cystocentesis of the tom. These methods 
identify the presence or absence of spermato-
zoa although they do not permit the evaluation 
of semen quality.

Semen evaluation

GENERAL EVALUATION. Evaluation to the extent 
performed in other species is limited by the 
small volume of the sample. Semen evalua-
tion findings should be recorded in a legally 
defensible and retrievable fashion.

COLOUR. Normal feline semen is milky or opal-
escent (Root Kustritz, 2010d). All samples that 
appear to be cloudy should be evaluated 
microscopically as some samples containing 
lipid droplets and no spermatozoa will have 
this appearance. Clear semen is associated 
with lack of spermatozoa. Yellow semen is 
due to urine contamination. Frank blood is 
most likely to be due to penile trauma during 
collection.

VOLUME. Volume is not in and of itself an indi-
cator of quality because it is dependent on the 
semen collection technique. Electroejaculation 
may be associated with overstimulation of the 
accessory sex glands and a more dilute sam-
ple. Volume should be recorded before any 
samples are withdrawn as that value will be 
used to calculate total number of spermato-
zoa in the ejaculate. Normal ejaculate volume 
in cats varies from 30–120 ml collected by AV 
to 114–738 ml collected by electroejaculation, 
with reported mean values of 45 ml and 194 
ml, respectively (Sojka et al., 1970; Platz and 
Seager, 1978; Platz et al., 1978; Dooley and 
Pineda, 1986; Howard et al., 1990; Zambelli 
and Cunto, 2006).

PH. Measurement of pH has no clinical sig-
nificance in cats and is not routinely per-
formed. If it is measured, be aware that the 
pH of semen collected by electroejaculation is 
higher than that of semen collected using an 
AV, perhaps because of increased contribu-
tions from the accessory sex glands (Dooley 
and Pineda, 1986).

PERCENTAGE PROGRESSIVE MOTILITY. Percentage 
progressive motility is assessed on neat 
semen. A small volume is placed on a glass 
slide. A coverslip may or may not be applied; 
individual clinicians should be consistent in 
the technique used to make their analyses 
consistent. A subjective assessment is made 
of the percentage of spermatozoa moving 
forward. Normal percentage progressive 
motility in cats is 70% or greater (Sojka et al.,
1970; Platz and Seager 1978; Platz et al., 1978; 
Dooley and Pineda, 1986; Howard et al.,
1990; Choi et al., 2010; Root Kustritz, 2010d). 
Evaluation can also be made of the speed and 
quality of progression. Some suggest that use 
of the Sperm Motility Index (SMI) promotes 
the correct emphasis on progressive motility 
over total motility; SMI is calculated as 0.5 × 
((progressive motility × 20) + (% total motility)) 
(Howard 1992; Howard et al., 1993).

CONCENTRATION/TOTAL NUMBER. Concentration is 
measured with a haemocytometer. The semen 
sample is diluted 1:100 as described above for 
the dog. The haemocytometer grid is made 
up of nine large squares. All of the spermato-
zoa within any one of these large squares are 
counted. The operator should focus up and 
down while counting to see all of the sperm, 
some of which will float head up or head 
down and so not be visible continuously in 
the grid. The number of spermatozoa counted 
is the concentration in millions/ml.

The total number of spermatozoa is cal-
culated by multiplying concentration by 
volume collected. Total number averages 
60 million in samples collected using an AV 
and 117 million in samples collected by elec-
troejaculation (Sojka et al., 1970; Platz and 
Seager, 1978; Platz et al., 1978; Dooley and 
Pineda, 1986; Howard et al., 1990; Zambelli 
and Cunto, 2006). The total number of sper-
matozoa decreases with daily collection, 
reaching a constant level of about half that 
seen on the first day after the fourth day 
(Sojka et al., 1970).

PERCENTAGE MORPHOLOGICALLY NORMAL SPERM-
ATOZOA. Morphology, or shape, is commonly 
evaluated on stained spermatozoa. The 
stain reported to be associated with fewest 
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stain-induced artefacts and to permit the 
greatest differentiation of abnormal morph-
ology in feline semen is Fast Green FCG–
rose Bengal staining (Zambelli et al., 1993).

One hundred to 200 sperm are counted 
under oil immersion. Teratozoospermia is 
common in domestic and wild felids 
(Pukazhenthi et al., 2001), but the parameter 
of greatest interest is the percentage of nor-
mal spermatozoa, which has been reported as 
44–71% in normal cats (Choi et al., 2010; Root 
Kustritz, 2010d).

CYTOLOGY AND CULTURE. Because infection of 
the accessory sex glands is very rare in cats, 
semen cytology and culture are rarely 
performed.

SPECIAL TESTS. Specific testing to evaluate cell 
membrane integrity and fertilizing capability 
are not commonly performed in cats.

FERTILITY ASSESSMENT. The scheme depicted 
above may be used to evaluate cats presented 
for infertility (Fig. 8.3).

The cat is physically capable of normal mounting and intromission

Yes No – Possible causes include psychological constraints and
             penile hair rings. Lack of intromission may be
             evidenced by lack of an after reaction by the queen,
             or subsequent lack in rise of progesterone after
             ovulation

Semen quality is normal

Yes No – Causes of poor semen quality include: (i) karyotype abnormalities
             (calico or tortoiseshell male cats); (ii) testicular causes (fever, treatment with
             glucocorticoids or anabolic steroids, trauma, external thermal insult,
             testicular neoplasia and orchitis (rare); (iii) post-testicular causes (epididymal
             occlusion or aplasia)

Idiopathic
infertility

Fig. 8.3. Method for the evaluation of cat infertility.
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Introduction

Modern commercial poultry operations 
rely heavily on assisted reproduction to 
maintain the high level of genetic selection 
that is the backbone of the industry. The 
growth rate of meat birds and egg produc-
tion in laying birds are, respectively, the two 
most economically important traits. Because 
these traits have negative genotypic and 
phenotypic relationships, poultry compan-
ies either specialize in breeding meat-type 
birds or have two separate programmes for 
meat- and egg-producing strains. Primary 
breeders maintain 50 or more pure lines 
with relatively small numbers of pedigreed 
birds. After specific line crosses, the succes-
sive generations are multiplied, or produced 
in greater numbers, until sufficient bird 
numbers for the final commercial lines are 
achieved. For the layer and broiler chicken 
industries, artificial insemination (AI) is 
used mainly at the primary breeder level. 
For the turkey industry, all phases of pro-
duction utilize AI. In this chapter, pertinent 
aspects of male reproductive biology, semen 
evaluation and semen storage are reviewed 
with an emphasis on unique attributes of 
avian reproductive biology.

* E-mail: julie.long@ars.usda.gov

Male Reproductive Biology

The reproductive organs of the male bird are 
completely internalized, unlike the situation in 
mammals where the testes are externally 
located. In contrast with the female bird, which 
has a single functional ovary, avian testes 
are paired organs anterior to the cranial pole 
of the kidneys. The male avian reproductive 
tract consists of the paired testes, epididymal 
regions and ductus deferens. Avian testes are 
organized into branching seminiferous tubules 
containing Sertoli cells, and a relatively small 
amount of interstitial tissue containing the 
androgen-secreting Leydig cells. The networks 
of seminiferous tubules coalesce into a series of 
ducts, known as the epididymal region, which 
empties into the ductus deferens. The avian 
reproductive tract does not contain the charac-
teristically subdivided epididymis found in 
mammals, in which spermatozoa mature and 
are stored before ejaculation. Instead, avian 
spermatozoa mature and are stored in the duc-
tus deferens. Accessory glands found in the 
mammalian reproductive tract (the seminal 
vesicle, prostate, etc.) are not present in birds. 
Males of most avian species do not have a truly 
intromittent copulatory organ, but rather a 
phallus on the wall of the cloaca.
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Avian spermatogenesis is characterized 
by a relatively short spermatogenic cycle. In 
mammals, the time to produce a single sperm-
atozoon ranges from 28 to 78 days across spe-
cies (Hess and Renato de Franca, 2008). In 
contrast, the time from the onset of meiosis to 
the end of spermiogenesis is only 14 days in the 
rooster (de Reviers, 1968), drake (Marchand 
et al., 1977) and guinea fowl (Brillard, 1981), 
and 11 days in the quail (Amir et al., 1963). 
The actual length of the spermatogenic cycle 
in the turkey has not been confirmed. Using 
the 5-bromodeoxyuridine (BrdU) technique 
(Rosiepen et al., 1994), the duration of meiotic 
prophase in the turkey was estimated to be 
4.5 days, and the round spermatid phase had 
an estimated duration of 2 days; however, no 
BrdU reaction product was observed on elon-
gated spermatids or testicular spermatozoa 
(Noirault et al., 2006). Sperm meiosis intervals 
in the turkey are similar to those reported for 
the rooster (de Reviers, 1968), drake (Marchand 
et al., 1977) and quail (Lin et al., 1990), sug-
gesting that the duration of spermatogenesis 
in the turkey may fall in the range of 11–14 
days. In addition to rapid sperm production 
rates, non-passerine birds appear to produce 
up to four times the number of spermatozoa 
per gram of testis than do mammals (Jones 
and Lin, 1993). It has been concluded that 
the reproductive strategy of avian species 
involves the rapid production, maturation 
and transport of spermatozoa through the 
reproductive tract, in association with a lim-
ited capacity to store spermatozoa for long 
periods within the male genital ducts (Clulow 
and Jones, 1982).

Sperm Morphology and Physiology

Morphology

Mature turkey and chicken spermatozoa 
exhibit similar morphological features (see 
extensive review by Jamieson, 2007). The 
spermatozoa are long and narrow with a ver-
miform appearance, being 0–5–0.8 mm at the 
widest point. The acrosome of the turkey 
spermatozoon is 1.8 mm long, reaching 2.5 mm
for the rooster acrosome (Marquez and 
Ogasawara, 1975). A fibrous, actin-containing, 

rod-like structure, known as the perforato-
rium or the acrosomal spine (Etches, 1996), is 
located between the acrosome and the ante-
rior pole of the nucleus in the spermatozoa of 
non-passerine birds; no corresponding struc-
ture is evident in the subacrosomal space of 
passerine birds (Pudney, 1995) or mammalian 
spermatozoa, except in rodents (Baccetti et al.,
1980). At 1.0 mm in length, the perforatorium 
of the turkey and rooster is appreciably 
shorter than that of the guinea fowl (1.9 mm).
The role of this structure in bird spermatozoa 
is suggested to be skeletal in nature, acting as 
an inner conical support for the acrosome 
(Baccetti et al., 1980).

The sperm nucleus consists of dense 
chromatin, forming a concave implantation 
fossa where it joins the midpiece of the tail. 
The turkey sperm nucleus is shorter (7–9 mm)
than that of guinea fowl or chicken (10–14 mm), 
and the junction of the nucleus with the mid-
piece at the neck region is not as conspicuous 
as in guinea fowl spermatozoa (Thurston and 
Hess, 1987).

For turkey and chicken spermatozoa, the 
neck region of the midpiece consists of a 
proximal and an elongated distal centriole, 
while guinea fowl spermatozoa contain only 
a single elongated centriole and associated 
pericentriolar projections (Thurston and Hess, 
1987). Cross sections of the centrioles have 
the typical ‘pinwheel’ arrangement of nine 
triplet microtubules embedded in a cylindri-
cal, dense wall (Jamieson, 2007). Enveloping 
the distal centriole and extending to the 
annulus are 25–30 helically arranged mito-
chondria (Thurston and Hess, 1987). In con-
trast to the guinea fowl, the cristae of turkey 
and rooster sperm mitochondria are parallel 
to the outer membrane (Jamieson, 2007). The 
absolute size of the midpiece region and 
the proportion of the midpiece to the head are 
greater in turkey than in chicken spermatozoa 
(Lake and Wishart, 1984).

The flagellum ultrastructure consists of 
the typical 9 + 2 microtubular axonemal com-
plex, but outer dense fibres are absent 
(Thurston and Hess, 1987). Surrounding the 
outer doublets is an amorphous sheath (Lake 
et al., 1968), which defines the principal piece. 
The portion of the flagellum where the cell 
membrane is in juxtaposition to the doublet 
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microtubules, without the amorphous sheath, 
is known as the endpiece (Jamieson, 2007). 
The flagellum comprises most of the length 
of the poultry spermatozoon. Turkey and 
guinea fowl sperm flagellae are usually 
60–65 mm long (Marquez and Ogasawara, 1975; 
Thurston and Hess, 1987), and the flagellum 
approaches 70 mm in length in rooster sperm-
atozoa (Jamieson, 2007). Thus, the overall 
length of turkey and guinea fowl spermato-
zoa (75–80 mm) is also less than that of rooster 
spermatozoa (90 mm). In all three species, the 
spermatozoa increase in width from the acrosome 
to a maximum of 0.5–0.7 mm at the junction of the 
nucleus with the midpiece. The width then 
decreases to 0.1–0.2 mm at the end of the flagellum 
(Thurston and Hess, 1987).

Abnormalities in the morphology of 
poultry spermatozoa have been widely repor-
ted; however, there is no uniform classifica-
tion system for the different types of sperm 
defects. For example, the term ‘bent sperm’ 
can refer to a bend in the midpiece or the tail. 
For this reason, the predominance of one 
type of defect over others is difficult to dis-
cern from the literature. Poultry sperm abnor-
malities can be broadly categorized according 
to the anatomical region of the defect (e.g. acro-
some, head, midpiece, flagellum). Alkan et al.
(2002) published comprehensive drawings of 

sperm defects in the Bronze turkey (Fig. 9.1), 
in which 20 sperm defects are illustrated.

In general, the presence of 15% or fewer 
abnormal spermatozoa in a given semen sam-
ple does not adversely affect fertility (Clark 
et al., 1984), although the percentage of abnor-
mal spermatozoa in semen can be as high as 
24.1% in turkeys (Nestor and Brown, 1971), 
46–48.3% in layer chickens (Siudzińska and 
Łukaszewicz, 2008; Jarinkovićová et al., 2012) 
and 42.1% in broiler chickens (Edens and 
Sefton, 2009), illustrating the need for a com-
mon classification system for abnormal poul-
try sperm morphology.

Sperm membrane 
carbohydrates and lipids

The surface of mammalian spermatozoa com-
prises a dense coating of carbohydrates form-
ing a 20–60 nm thick glycocalyx (Schröter 
et al., 1999) that arises from the lipids and 
proteins forming the plasma membrane. 
Recently, Long and colleagues have demon-
strated that poultry spermatozoa are also 
covered by carbohydrate residues (Peláez 
and Long, 2007). The glycocalyx of poultry 
spermatozoa is extensively sialylated, with 
sialic acid residues distributed along the 

a b
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Fig. 9.1. Illustrations of abnormal sperm morphologies associated with the acrosome (a–c), head 
(d–i), midpiece (j–o) and tail regions (p–t) of turkey spermatozoa: (a) detached acrosome; (b) swollen 
acrosome; (c) comma-shaped acrosome; (d) knotted heads; (e) micro- and macro-cephalic heads; 
(f) bent heads; (g) swollen heads; (h) bent or knotted head at neck region; (i) detached head; (j) swollen 
midpieces; (k) bent midpieces; (l) partially detached midpieces; (m) thickened midpiece; (n) vacuolized 
midpiece; (o) detached midpiece; (p) detached tail; (q) 90° bent tails; (r) 180° bent tails; (s) curled tails; 
and (t) knotted tails. Adapted from Alkan et al., 2002.
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entire sperm surface (Plate 12a); it also 
contains residues of a-mannose/a-glucose,
a- and b-galactose, a-fucose, a- and b-N-acetyl-
galactosamine and N-acetyl-lactosamine, as 
well as monomers and dimers of N-acetyl-
glucosamine. Non-sialic acid carbohydrate 
residues are segregated among specific mor-
phological zones. For example, a-mannose
anda-glucose were detected only in the plasma 
membrane overlying the head region, whereas, 
N-acetyl-glucosamine residues were dis-
tributed mainly along the acrosome region. 
One notable difference between turkey and 
chicken spermatozoa was the absence of 
a-galactose residues on the head region of 
chicken sperm (Plates 12b and c). N-acetyl-
glucosamine dimers and N-acetyl-lacto-
samine residues were more prevalent in 
chicken spermatozoa, but N-acetyl-galacto-
samine residues were more prevalent in 
turkey spermatozoa.

A major role of glycosylation is the for-
mation of specific molecular surfaces that per-
mit specific intermolecular recognition (Ivell, 
1999). The sperm glycocalyx is modified 
extensively during sperm transport and mat-
uration, and represents the primary interface 
between the male gamete and its environ-
ment. While the function of these glycoconju-
gates is still largely unknown, in the hen, sialic 
acid has been implicated for both sperm pas-
sage through the vagina (Steele and Wishart, 
1996) and sperm sequestration in the sperm 
storage tubules (Froman and Thursam, 1994), 
and N-acetyl-d-glucosamine is necessary for 
sperm–egg interaction (Robertson et al., 2000). 
Long and colleagues have demonstrated that 
hypothermic storage of turkey semen (4°C) 
and chicken semen (–196°C) affects the com-
position of the sperm glycocalyx (Peláez and 
Long, 2008; Peláez et al., 2011). In particular, 
terminal sialic acid residues are less abundant 
after hypothermic storage for both species. 
Sialic acids act as masking agents on antigens, 
receptors and other recognition sites of the cell 
surface, and it appears that the amount of 
sialic acid in sperm cells is considerably higher 
than that in somatic cells (Diekman, 2003).

Lipids are a major component and inte-
gral part of sperm membranes, and are 
involved with the series of biochemical and 
functional changes required for fertilization, 

such as sperm maturation and the acrosome 
reaction (Bréque et al., 2003). Phospholipids 
represent the main lipid type found in avian 
sperm membranes, with phosphatidylcholine 
comprising ~40% of the total phospholipid 
content. Poultry spermatozoa also contain a 
high proportion of polyunsaturated fatty 
acids in the plasma membrane (Surai et al.,
1998). Polyunsaturated fatty acids are classi-
fied as n–3 or n–6 based on the location of the 
last double bond relative to the terminal 
methyl end of the molecule. In contrast to the 
plasma membranes of mammalian spermato-
zoa, which contain mainly n-3 polyunsat-
urated fatty acids such as docosahexaenoic 
acid (22:6n-3; DHA), the phospholipids in 
avian spermatozoa are enriched mainly with 
n-6 polyunsaturated fatty acids, including 
arachidonic (20:4n-6; AA) and docosatetrae-
noic (22:4n-6; DTA) acids. It has been pro-
posed that the functional significance of this 
n-6/n-3 dichotomy in the fatty acid profiles of 
avian and mammalian spermatozoa may rep-
resent an adaptation to temperature (Kelso 
et al., 1997). The higher body temperature of 
birds (41°C) compared with that of mammals 
(37°C), in tandem with the fact that avian 
testes are internalized, requires avian sperm-
atozoa to develop and function in a 
considerably warmer environment. The major 
poly-unsaturated fatty acid (PUFA) of avian 
spermatozoa, DTA, displays the same chain 
length but fewer double bonds than the mam-
malian PUFA counterpart DHA; this differ-
ence in the degree of polyunsaturation 
provides a means for maintaining the appro-
priate biophysical properties of sperm mem-
branes at the different body temperatures.

An interesting feature of the poultry 
sperm membrane is that neither chicken nor 
turkey spermatozoa appear to require capaci-
tation (Howarth, 1970; Howarth and Palmer, 
1972; Bednarczyk, 1990). Intramagnal insemi-
nation of spermatozoa originating from the 
testis, epididymis and vas deferens resulted 
in fertility levels of 85–90%; in contrast, vagi-
nal insemination of testicular spermatozoa 
resulted in a total absence of fertile eggs 
(Howarth, 1983). In intramagnal insemina-
tion of the female bird, spermatozoa are 
deposited near the site of fertilization, thus 
bypassing the vagina and the uterovaginal 
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junction, where sperm motility is essential for 
transport. In mammalian spermatozoa, phys-
iological capacitation occurs in the female 
reproductive tract and can be induced in vitro
using species-specific conditions. In either 
circumstance, capacitation results in mem-
brane destabilization, and this facilitates the 
acrosome reaction. In contrast, the acrosome 
reaction of chicken spermatozoa may be 
induced very rapidly in vitro in the presence 
of the inner perivitelline layer of the egg, or of 
N-linked glycans (derived from the inner 
perivitelline layer) and extracellular Ca2+

(Horrocks et al., 2000). More recently, it was 
shown that the acrosome reaction occurred 
within the first minute of incubation with 
the inner perivitelline layer and Ca2+, with 
the highest percentages of acrosome reacted 
spermatozoa occurring after 4–10 min of 
incubation (Lemoine et al., 2008). The 
absence of a capacitation-like process before 
the initiation of the acrosome reaction makes 
sense in the context of the prolonged stay of 
poultry spermatozoa in the sperm storage 
tubules of the hen’s reproductive tract, as dis-
cussed later in the chapter.

Sperm metabolism and motility

Although the gross morphology of turkey 
and chicken spermatozoa is similar, ultra-
structural differences in the midpiece region 
appear to be indicative of the different bio-
chemical features of spermatozoa from these 
two species. The main distinction in energy 
production is that turkey spermatozoa require 
oxygen to produce ATP, but chicken sperm-
atozoa can metabolize using either aerobic or 
anaerobic respiration (Sexton, 1974). Both 
turkey and chicken spermatozoa use the 
Embden–Meyerhof–Parnas pathway of gly-
colysis and the Krebs cycle for oxidative 
metabolism (Kraft et al., 1978). Turkey sperm-
atozoa have a low glycolytic capacity and 
require the presence of oxygen for optimal 
ATP production (Lake and Wishart, 1984). 
Under anaerobic conditions, chicken sperm-
atozoa form lactate from glucose 13 times 
faster than turkey spermatozoa (Sexton, 1974; 
Wishart, 1982) owing, in part, to the 20-fold
higher activity of lactate dehydrogenase in 

chicken spermatozoa (McIndoe and Lake, 
1973). Profiles of glycolytic enzymes are simi-
lar for spermatozoa from both species; how-
ever, chicken sperm enzyme activities are 
twofold to fourfold higher than those of tur-
key sperm, with glycerophosphate mutase 
and lactate dehydrogenase activities 9.5 and 
41 times greater, respectively (Wishart and 
Carver, 1984). Glutamate and glycine are not 
used by either species as oxidizable sub-
strates, while acetate and succinate increase 
the rate of oxygen consumption in chicken 
spermatozoa only (Sexton, 1974).

At the physiological temperature of 
40°C, chicken spermatozoa maintain high 
ATP levels and fertilizing potential for up to 
3 h by the aerobic or anaerobic metabolism of 
glucose (Wishart, 1982). When chicken and 
turkey spermatozoa were incubated aerobi-
cally without glucose, the rate of ATP hydroly-
sis (a measure of energy utilization) and the 
rate of oxygen consumption (a measure of the 
rate of energy production) decreased by 
75–80% as the temperature was lowered from 
40 to 5°C (Table 9.1). At each temperature, 
decreases in the rates of oxygen consumption 
and ATP hydrolysis were equivalent, sug-
gesting a coupling of ATP production to oxy-
gen metabolism at all temperatures, as the 
sperm ATP levels remained constant (Wishart, 
1984). This was not the case with turkey sperm-
atozoa, which, under conditions of anaerobic 
glycolysis at temperatures between 5 and 
40°C, contained <5% of the ATP concentra-
tions exhibited under aerobic conditions 
(Table 9.1). After storing chicken semen at 5°C 
under anaerobic conditions for 48 h, no differ-
ences in the activity of the glycolytic enzymes 
aldolase or lactate dehydrogenase were evi-
dent, whereas the activities of the two Krebs 
cycle enzymes fumerase and aconitase were 
lower in stored than in fresh spermatozoa 
(Buckland, 1971).

It has been reported that semen ejacu-
lated from the broiler rooster is in an anaero-
bic state, as there was no free oxygen available 
in undiluted semen (Parker and McDaniel, 
2006). Spermatozoa recovered from different 
anatomical regions of the male layer rooster 
reproductive tract had markedly different 
degrees of sperm motility that corresponded 
to the degree of sperm maturation: testicular 
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spermatozoa demonstrated the lowest motil-
ity, followed by a gradual increase in sperm 
motility from the epididymal region to the 
distal ductus deferens (Ahammad et al., 2011). 
There was no difference in sperm motility 
between spermatozoa obtained from the 
distal ductus deferens and ejaculated 
spermatozoa.

Spermatozoa from some avian species 
exhibit a unique sperm motility phenomenon 
of reversible temperature-dependent immo-
bilization (Ashizawa et al., 2010) in which, in 
simple salt solutions, spermatozoa become 
immotile at body temperature (40–41°C) but 
regain motility when the temperature is low-
ered to 30°C or by the addition of Ca2+ at 40°C 
(Munro, 1938; Wishart and Ashizawa, 1987; 
Ashizawa et al., 1989; Thomson and Wishart, 
1991; Ashizawa et al., 1994). This pattern of 
temperature-dependent motility occurs in 
chicken, duck and copper pheasant sperm-
atozoa, but occurs only partially in turkey 
and not at all in quail or Houbara bustard 
spermatozoa (Wishart and Wilson, 1999; 
Ashizawa et al., 2010).

Turkey sperm motility was only partially 
inhibited at 40°C, while quail and bustard 
spermatozoa showed no reduction in the 
percentage of motile spermatozoa at 40°C 
(Wishart and Wilson, 1999). Ca2+ restored the 
motility of chicken and duck spermatozoa 
at 40°C and also released the partial inhib-
ition of turkey sperm motility; however, Ca2+

had no apparent effect on the proportion 
of motile bustard spermatozoa and comp-
letely inhibited quail sperm motility at 40°C 
(Wishart and Wilson, 1999). The axoneme 

and/or accessory cytoskeletal components 
appear to be directly involved in the temper-
ature-dependent regulatory system, because 
the motility of de-membranated spermato-
zoa is similar to that of intact spermatozoa, 
being negligible at 40°C and restored at 30°C 
(Ashizawa et al., 2000). This temperature-
dependent motility has been shown to be a 
function of intracellular Ca2+ content; intra-
cellular levels of Ca2+ were reduced at the 
higher temperatures, where spermatozoa 
were immotile, and increased as the tempera-
ture was lowered from 40 to 30°C (Thomson 
and Wishart, 1991). Further, the temperature-
dependent retention of Ca2+ was a function of 
the rate of Ca2+ efflux rather than influx, and 
involved a Ca2+ ATPase that was relatively 
inactive at 30°C, but active at 40°C (Thomson 
and Wishart, 1991). Chicken sperm motility 
was inhibited by loading with an intracellular 
Ca2+ chelator, and subsequently reactivated 
by the addition of excess Ca2+ to the medium 
(Ashizawa et al., 1994). Not all avian species 
demonstrate this temperature-dependent
sperm motility phenomenon.

In the chicken and turkey, a sperm 
motion attribute known as sperm mobility 
has been positively correlated with fertility 
in poultry (Donoghue et al., 1999; Froman 
et al., 1999; King et al., 2000b). Sperm mobility 
is defined as the net movement of a sperm cell 
population against resistance at body tem-
perature (Froman and Kirby, 2005), and is 
assayed by measuring the absorbance of a 
solution of Accudenz (a cell separation medium) 
following sperm ‘swim down’ from an overlaid 
sperm suspension (Froman and Feltmann, 1998). 

Table 9.1. ATP concentration in chicken and turkey spermatozoa incubated under aerobic or anaerobic 
conditions at various temperatures. Adapted from Wishart, 1984.

ATP concentration (nmol/109 spermatozoa)

Chicken spermatozoa Turkey spermatozoa

Incubation
temperature (°C)

Anaerobic
conditions

Aerobic
conditions

Anaerobic
conditions

Aerobic
conditions

5 49.0 ± 4.0 44.0 ± 4.0 1.9 ± 0.1 48.0 ± 2.0
10 49.0 ± 3.0 47.0 ± 3.0 1.8 ± 0.7 48.0 ± 4.0
20 48.0 ± 3.0 45.0 ± 3.0 1.6 ± 0.6 50.0 ± 4.0
30 51.0 ± 4.0 48.0 ± 2.0 2.2 ± 0.3 57.0 ± 3.0
40 49.0 ± 5.0 47.0 ± 3.0 1.8 ± 0.3 49.0 ± 2.0
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Absorbance is proportional to the number 
of spermatozoa within the sample that have 
a straight-line velocity of, or greater than, 
30 mm/s (Froman and Feltmann, 2000). Simply 
put, all mobile sperm are necessarily motile, 
whereas motile sperm are not necessarily 
mobile (Froman and Kirby, 2005).

When the sperm mobility assay was 
applied to populations of randomly bred 
broiler roosters, the phenotype varied among 
males (Froman et al., 1997), was independent 
of age (Froman et al., 1999) and determined 
male fecundity (Froman and Feltmann, 1998). 
Subsequently, the heritability of this quantita-
tive trait was estimated (Froman et al., 2002), 
and it was shown that mitochondrial dys-
function accounted for the phenotypic varia-
tion (Froman and Kirby, 2005; Froman et al.,
2006). In the turkey, the high sperm mobility 
phenotype was characterized by a straight-
line velocity of 45.5 mm/s and an average 
path velocity of 60.3 mm/s, compared with 
28.8 and 45.1 mm/s, respectively, in males 
exhibiting the low sperm mobility phenotype 
(Donoghue et al., 1998). Like the sperm mobil-
ity phenotype established for the chicken, 
that in turkeys also varies characteristically 
among males (King et al., 2000a), is independ-
ent of age (Holsberger et al., 1998) and influ-
ences paternity (Donoghue et al., 1999). The 
turkey sperm mobility phenotype does not, 
however, predict the outcome of sperm func-
tion after 24 h of storage at 4°C, as sperm 
mobility values decline to similar levels irre-
spective of the male phenotype (Long and 
Kramer, 2003). Finally, male turkeys charac-
terized as either high or low sperm mobility 
phenotype exhibit striking differences in 
the content of carbohydrates in the glyco-
calyx, including mannose/glucose, N-acetyl-
glucosamine and N-acetylgalactosamine 
(Peláez and Long, 2008).

Seminal Plasma

The components of poultry seminal plasma 
are thought to be derived from the extrago-
nadal duct system within the epididymis, pri-
marily the proximal efferent duct, which 
appears to be where spermatozoa are mixed 

with secretions as they are concentrated (Hess 
et al., 1976; Aire, 1979; al-Aghbari et al., 1992). 
During natural mating in chickens, a lymph-
like, transparent fluid is mixed with the ejacu-
late. This transparent fluid, derived from the 
paracloacal vascular bodies (Fujihara, 1992), 
is chemically distinct from deferent duct fluid 
(Lake, 1966, 1984). In turkeys, a frothy fluid is 
secreted from the triangular fold of the cloaca 
and mixed with the ejaculate during copula-
tion (Fujihara et al., 1985). The chemistry of 
the frothy fluid resembles that of blood 
plasma, rather than that of seminal plasma 
(Fujihara and Nishiyama, 1984). As outlined 
below, the biochemistry of seminal plasma 
differs markedly from that of blood plasma. 
Thus it is not surprising that prolonged expo-
sure of turkey spermatozoa to this frothy 
fluid adversely affects sperm morphology 
(Fujihara et al., 1987).

Electrolytes

Compared with mammalian livestock, data 
on the content of the principal inorganic ions 
(Na+, K+, Cl−, Ca2+, Mg2+) in the seminal 
plasma of chicken and turkey semen are 
sparse, and most reports date from the 1960s 
(Table 9.2). As in mammals, a reciprocal rela-
tionship exists between the amounts of Na+

and K+ in avian spermatozoa and seminal 
plasma, with seminal plasma containing 
higher Na+ and lower K+ concentrations than 
spermatozoa and, conversely, spermatozoa 
containing lower Na+ and higher K+ than 
seminal plasma. Chicken seminal plasma, 
though, contains more Na+ and less K+ than 
has been reported for ram, bull or human 
seminal plasma (Quinn et al., 1965; Mann 
and Lutwak-Mann, 1981). Newer results 
reported by Karaca et al. (2002) for inorganic 
ion concentrations in chicken seminal 
plasma fell within similar ranges to those in 
older reports (Hammond et al., 1965; Quinn 
et al., 1965; El Jack and Lake, 1969; Lake, 
1971; Lake and Wishart, 1984), although a 
recent paper where semen from aged broil-
ers was evaluated after an induced moult 
reported markedly lower concentrations of 
Na+, K+ and Ca2+ in seminal plasma (Khan et al.,
2012) than did previous reports (Table 9.2). 
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Fewer data are available for turkey seminal 
plasma ion concentrations than for those of 
chickens, but all reports indicate appreciably 
higher concentrations of K+ and lower con-
centrations of Cl− in turkey seminal plasma 
(Brown et al., 1959; Cherms, 1967; Graham, 
et al., 1971; Lake and Wishart, 1984) than in 
chicken seminal plasma (Table 9.2).

Amino acids and peptides

Glutamic acid is the principal amino acid in 
poultry seminal plasma, and is thought to 
serve as the main anion in place of Cl− (El Jack 
and Lake, 1969). Lake and McIndoe (1959) 
reported that glutamic acid comprises 90% of 
the free amino acids found in chicken seminal 
plasma; similarly, a high proportion of glu-
tamic acid is found in turkey seminal plasma 
(Ahluwalia and Graham, 1966b; Graham et al.,
1971). The concentration of glutamic acid in 
poultry seminal plasma is ten times the total 
amino acid concentration in bull semen (Lake 
and McIndoe, 1959), and several 100 times 
greater than that found in blood plasma (Lake 
and Wishart, 1984). The functional signifi-
cance of glutamate, other than in establishing 
osmolality, is unclear, as poultry spermatozoa 
lack adequate metabolic capabilities to use 
glutamate as an energy source (Etches, 1996).

Of the 20 recognized amino acids (exclud-
ing glutamic acid), arginine, asparagine, 
threonine and glycine are the most preva-
lent in chicken seminal plasma, whereas argi-
nine, asparagine, aspartic acid and serine are 

the most prevalent in turkey seminal plasma 
(Ahluwalia and Graham, 1966b). Graham et al.
(1971) determined that the semen collection 
frequency in turkeys influenced the amount of 
free amino acids in seminal plasma; the levels 
of most amino acids (except for glutamic acid) 
were higher when semen was collected at 2 day 
intervals than at 4 or 7 day intervals. It appears 
that the seminal plasma amino acid profile also 
varies among genotypes. Froman and Bernier 
(1987) identified a heritable reproductive dis-
order in the male rooster in which spermatozoa 
degenerate prematurely. The inheritance of this 
trait was attributed to a single dominant gene 
(Froman et al., 1990), and mutant roosters were 
characterized by a reduced surface-to-volume 
ratio within their proximal efferent ducts 
(Kirby et al., 1990) and a reduced level of glu-
tamic acid in seminal plasma compared with 
normal roosters (al-Aghbari et al., 1992).

Carnitine plays a vital role in transport-
ing long chain fatty acids across the inner 
mitochondrial membrane to produce energy 
through b-oxidation (Bremer, 1983), and may 
also function as an antioxidant to scavenge 
free radicals (Agarwal and Said, 2004). Both 
carnitine and acetyl carnitine are present in 
poultry seminal plasma (Golan et al., 1982; 
Lake and Wishart, 1984). While the levels 
of carnitine (3.2 mmol) and acetyl carnitine 
(2.1 mmol) are comparable to those reported 
for mammalian semen (Mann and Lutwak-
Mann, 1981), turkey seminal plasma contains 
about half (1.7 and 0.64 mmol, respectively) 
of the levels found in chicken seminal plasma 
(Lake and Wishart, 1984).

Table 9.2. Concentrations of the principal inorganic ions in chicken and turkey seminal plasma (mg/100 ml).

Species Na+ K+ Ca2+ Mg2+ Cl− Reference

Chicken 337.0 44.8 7.0 – 497.3 Hammond et al., 1965
420.0 32.0 8.7 6.2 – Quinn et al., 1965
365.2 50.3 5.2 6.2 148.3 El Jack and Lake, 1969
420.0 32.0 8.7 6.2 190–220 Lake, 1971
333.5 50.7 5.6 5.6 162.8 Lake and Wishart, 1984
308.2 39.0 4.0 1.2 237.2 al-Aghbari et al., 1992
267.9 49.5 4.8 – 215.9 Karaca et al., 2002

1.2 21.1 1.5 5.5 – Khan et al., 2012
Turkey 361.1 113.1 – – – Brown et al., 1959

243.0 79.0 – 7.5 – Cherms, 1967
383.1 65.5 4.4 – 108.7 Graham et al., 1971
312.8 69.8 1.2 10.5 81.4 Lake and Wishart, 1984
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Carbohydrates and polyols

Fructose is the principal unbound sugar of 
seminal plasma for a number of mammalian 
species (Mann and Lutwak-Mann, 1981), 
but only trace amounts of fructose are 
found in poultry seminal plasma (Kamar 
and Rizik, 1972; Lake and Wishart, 1984; 
Garner and Hafez, 1993). A few older reports 
document glucose levels of 80–88 mg/dl 
in chicken seminal plasma (Mann, 1964; 
Hammond et al., 1965), though only 3.1 mg/dl 
was detected by Ahluwalia and Graham 
(1966a); rather, the primary carbohydrate 
isolated from chicken seminal plasma in 
that report was inositol (20.4 mg/dl), along 
with low amounts of glycerol (2.8 mg/dl). 
Wishart (1982) concluded that chicken and 
turkey semen did not contain glycolytic 
substrates, as no lactate was produced when 
semen was diluted in buffer without glu-
cose and incubated under anaerobic condi-
tions. A more recent report documented 
the presence of free oligosaccharides in 
human seminal plasma – the first report 
for any species (Chalabi et al., 2002); how-
ever, the function of these oligosaccharides 
remains unknown.

Lipids and phosphodiesters

The lipid composition of poultry seminal 
plasma has been investigated much more 
recently than the free carbohydrate or amino 
acid contents, and differs considerably from 
the lipid content of poultry spermatozoa. The 
total lipid content of poultry seminal plasma 
generally has a lower proportion of phospho-
lipids than are found in spermatozoa and, 
within the phospholipid class, a lower pro-
portion of phosphatidylcholine (Douard et al.,
2000; Zaniboni and Cerolini, 2009). In con-
trast to spermatozoa, there are significant 
amounts of cholesterol esters and triglycer-
ides in seminal plasma (Douard et al., 2000). 
There appear to be species-specific differ-
ences in seminal plasma lipids among tur-
keys, layer chickens and broiler chickens 
(Table 9.3), a finding reinforced by the results 
from one laboratory that compared the semi-
nal plasma lipid profiles from all three poul-
try groups (Cerolini et al., 1997); in this study, 
the mean total lipid content of turkey, layer 
chicken and broiler chicken seminal plasma 
at peak semen production was 1.3, 1.5 and 
0.3 mg/ml, respectively. Age of the male may 
influence the lipid content of seminal plasma, 

Table 9.3. Lipid composition of seminal plasma from turkey, broiler chicken and layer chicken semen 
collected at different ages.

Turkey
Layer 

chicken Broiler

Lipid category/Age 40 wka 42 wkb 23 wkb 25 wkc 26 wkb 60 wkc

Total lipid (%)
Free cholesterol 31.1 48.8 16.6 19.9 32.5 16.0
Cholesterol esters 12.3 6.1 8.8 10.9 9.7 20.8
Triglycerides 6.8 2.1 3.0 22.0 2.3 20.0
Free fatty acids NDd 26.0 34.5 12.9 8.6 14.3
Phospholipids 50.7 40.5 46.2 34.2 46.9 28.1

Phospholipid (%)
Phosphatidylcholine 4.6  NMe NM 9.8 NM NM
Phosphatidylethanolamine 31.5 NM NM 52.6 NM NM
Sphingomyelin 20.3 NM NM 19.4 NM NM
Phosphatidylinositol (PI)/ 

phosphatidylserine (PS)
14.9 NM NM PI ND/PS 18.2 NM NM

Phosphatidic acid/
diphosphatidylglycerol

8.2 NM NM NM NM NM

Lysophosphatidylcholine 20.2 NM NM NM NM NM

aDouard et al., 2000; bCerolini et al., 1997; cKelso et al., 1996; dnot detected; enot measured.
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as the total lipid content increased from 0.14 
to 1.1 mg/ml in broiler males aged 25 and 
60 weeks, respectively (Kelso et al., 1996).

Two of the six non-cyclic phosphodies-
ters are found in semen: glycerol phosphoryl-
choline in mammalian seminal plasma and 
serine ethanolamine phosphodiester in avian 
seminal plasma (Burt and Ribolow, 1994). In 
chicken seminal plasma, serine ethanolamine 
phosphodiester was shown to be 23–26% of 
the total observable phosphate in three males, 
but in two other males, it was only 7–9% (Burt 
and Chalovich, 1978). Further, turkey semen 
collected in the spring showed ‘substantial 
levels’ of serine ethanolamine phospho-
diester (Burt and Ribolow, 1994), which 
decreased as males began to stop semen 
production in late summer (Ribolow and 
Burt, 1987). Phosphodiesters are a class of 
compounds that may function as lysophos-
pholipase inhibitors in semen, a role that 
would decrease the rate of membrane phos-
pholipid turnover and lead to a net sparing 
of phospholipids (Burt and Ribolow, 1994).

Enzymes and other proteins

Chicken seminal plasma contains 52–77% 
protein (Blesbois and Hermier, 1990) or 2.0–
2.4 g/dl (Harris and Sweeney, 1971; Amen 
and Al-Daraji, 2011), while turkey seminal 
plasma averages 1.8 g protein/dl (Thurston 
et al., 1982). Many proteins in poultry seminal 
plasma have been identified as enzymes. 
Autoproteolytic activity has been detected in 
the seminal plasma of the domestic chicken 
(Droba, 1986), and serine proteinase inhibi-
tors are present in chicken seminal plasma, 
with their proposed function being the inacti-
vation of acrosin that is released from dead or 
damaged spermatozoa (Lessley and Brown, 
1978). Turkey seminal plasma contains a 
unique serine proteinase not found in the 
chicken or guinea fowl, and the amidase 
activity of turkey seminal plasma is 23–28 
times greater than for chicken or guinea fowl 
(Thurston et al., 1993). The turkey seminal 
plasma serine proteases were found to be 
distinct from the sperm enzyme acrosin 
(Thurston et al., 1993). The biological roles of 
these enzymes in birds are unknown as, 

unlike in mammals, turkey seminal plasma 
serine proteases cannot participate in semen 
liquefaction or coagulation because these 
processes do not occur in birds (Holsberger 
et al., 2002). More recent research has shown 
that turkey seminal plasma contains at least 
three trypsin inhibitors, providing further 
evidence for increased activities of serine pro-
teinases as a unique characteristic of turkey 
seminal plasma (Kotłowska et al., 2005).

A number of glycosidases are present 
in poultry seminal plasma, including 
b-N-acetylglucosaminidase, the a and b forms 
of mannosidase, galactosidase and glucosidase, 
and b-glucuronidase (Kannan, 1974; McIndoe 
and Lake, 1974; Droba and Droba, 1987; 
Droba and Dzugan, 1993), which hydrolyse a 
variety of compounds containing terminal, 
non-reducing carbohydrate residues. Among 
the glycolytic enzymes present in whole 
semen, b-N-acetylglucosaminidase was the 
most active, with a-mannosidase ranking 
next in activity, whereas the activities of 
b-mannosidase, both forms of galactosidase 
and glucosidase, and b-glucuronidase, were 
almost negligible (Kannan, 1974). The activity 
of acid phosphatases, which catalyse the 
hydrolysis of phosphate esters, is distinct-
ively high in human and poultry seminal 
plasma (Wilcox, 1961; Bell and Lake, 1962; 
Mclndoe and Lake, 1974; Hess and Thurston, 
1984; Dumitru and Dinischiotu, 1994). The 
presence of several phospholipases have been 
confirmed in turkey seminal plasma, includ-
ing phospholipase A2, phospholipase A1 and 
lysophospholipase; these have been linked 
with sperm membrane phospholipid loss 
during hypothermic semen storage (Douard 
et al., 2004).

Several antioxidant enzymes are found 
in poultry seminal plasma, including glu-
tathione peroxidase, superoxide dismutase, 
paraoxonase, arylesterase and ceruloplas-
min (Surai et al., 1998; Khan et al., 2012). The 
relative activity of superoxide dismutase in 
the seminal plasma of five different avian 
species has been ranked as guinea fowl > 
chicken > goose > duck > turkey; conversely, 
glutathione peroxidase activity is the highest 
in the turkey and lowest in the duck and 
goose (Surai et al., 1998). A potent phospho-
lipid mediator, platelet activating factor 
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(PAF), has been detected in mammalian 
spermatozoa from several species (Kumar 
et al., 1988; Kuzan et al., 1990; Minhas et al.,
1991). Platelet activating factor acetylhydro-
lase, which inactivates PAF, may represent a 
mechanism for regulating sperm-derived 
PAF and has been detected in chicken semi-
nal plasma, although the acetylhydrolase 
activity was lower in rooster seminal plasma 
than in that of the bull, stallion and rabbit 
(Hough and Parks, 1994).

Transport proteins, such as albumin, 
comprise the majority of the protein content 
of poultry seminal plasma (Blesbois and 
Caffin, 1992). For example, over 60% of the 
protein spots from 2D SDS-PAGE gels for 
chicken and turkey seminal plasma have 
been identified as serum albumin precursor, 
ovalbumin or ovotransferrin (J.A. Long, unpub-
lished data). Ovotransferrin is mainly known 
as an iron-binding glycoprotein found in the 
egg white (Kurokawa et al., 1999), but it has 
recently been shown to be a multifunctional 
protein with a major role in avian natural 
immunity (Giansanti et al., 2012). Ovalbumin 
also has been traditionally associated with 
the egg white and development of fertilized 
eggs (Smith and Back, 1962; Sugimoto et al.,
1999). Serum albumin is the main protein of 
blood plasma, in which a high binding cap-
acity for water, Ca2+, Na+, K+ and fatty acids 
contributes to the main function of regulat-
ing the colloidal osmotic pressure of blood. 
It seems highly likely that serum albumin pre-
cursor has a similar role in seminal plasma.

High density lipoproteins (HDLs) have 
been detected in chicken seminal plasma; 
however, the low concentration and the lack 
of larger lipoproteins suggest that seminal 
HDLs originate from blood plasma and pass 
through the blood–testis barrier (Blesbois 
and Hermier, 1990). As cholesterol carriers, 
HDLs allow cellular cholesterol efflux 
(Eisenberg, 1984), and in large amounts 
could impair the stability of the poultry 
sperm membrane. Triglyceride-rich lipo-
proteins (very low, intermediate and low 
density lipoproteins) were not detected in 
chicken seminal plasma (Blesbois and 
Hermier, 1990), but Long and colleagues 
(unpublished) have identified apovitel-
lenin-1, a low density lipoprotein (LDL), in 

chicken seminal plasma (Table 9.4). Add-
itionally, these workers identified nine other 
binding/transport proteins in chicken and/
or turkey seminal plasma; vitamin D-binding 
protein precursor, beta-2-glycoprotein 1, 
alpha-1-acid glycoprotein 2-like, phosphatidy-
lethanolamine-binding protein 1, nuclear 
transport factor 2-like protein, calmodulin, 
retinol binding protein, transthyretin and 
gamma-glutamyltranspeptidase 1 (Table 9.4). 
To date, they have identified 29 proteins in 
the seminal plasma of these two species, 
with five proteins in common (Table 9.4). 
One protein common to both chicken and 
turkey seminal plasma is PIT54 protein pre-
cursor; PIT54 is a soluble member of the 
family of scavenger receptor cysteine-rich 
proteins whose gene exists only in birds 
(Wicher and Fries, 2006), and may have an 
antioxidant role in seminal plasma.

Semen Collection and Evaluation

Semen collection methods for commercial 
poultry were developed at the Beltsville 
Agricultural Research Center (Burrows and 
Quinn, 1937). The method used to manually 
stimulate ejaculation in gallinaceous birds 
does not resemble natural mating. The male 
is placed on his breast and his legs are gently 
restrained at approximately right angles to 
the body. The semen collector firmly ‘mas-
sages’ the male’s abdomen with one hand 
while concurrently stroking firmly the back 
and tail feathers with the other hand. In a 
well-trained male, this stimulation will cause 
phallic tumescence within a few seconds. The 
semen collector then applies gentle pressure 
to the cloaca, squeezing downwards and 
inwards with one hand and, at the same time, 
squeezing upwards and inwards with the 
hand situated just below the cloaca. This 
action, referred to as a ‘cloacal stroke’, results 
in a partial ejaculation or expulsion of semen 
from the ductus deferens without obtaining 
transparent fluid. A second cloacal stroke is 
required to complete the ejaculation process. 
No more than two cloacal strokes are used to 
collect semen, as further strokes may injure 
the cloaca (Cecil and Bakst, 1985).
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Table 9.4. Proteins identified by mass spectrophotometry in the seminal plasma of turkeys and/or chickens. 
From Long and colleagues (unpublished data).

Protein Score Molecular wt pI
General 
function Species

Apovitellenin-1 135 12,016 9.17 Lipoprotein Chicken
Chain A, chicken 

calmodulin
354 16,679 4.04 Transport Chicken/Turkey

Chain A, chicken plasma 
retinol-binding protein

175 20,409 5.62 Transport Turkey

Chain A, transthyretin 545 14,209 5.10 Transport Turkey
Gallinacin-9 144 7,616 8.65 Beta-defensin 

family
Chicken

Lysozyme C 42 16,741 9.37 Enzyme Chicken
Ovalbumin 455 43,196 5.19 Storage Chicken
Ovoglycoprotein 248 22,535 5.11 Transport Turkey
Ovoinhibitor precursor 205 54,394 6.16 Enzyme Chicken
Ovotransferrin 1,003 79,552 6.62 Transport Chicken/Turkey
Phosphatidylethanolamine-

binding protein 1
44 21,115 6.96 Transport Chicken

PIT54 protein precursor 376 52,670 4.61 Antioxidant Chicken/Turkey
PREDICTED: alpha-1-acid 

glycoprotein 2-like
460 22,369 5.38 Lipoprotein Turkey

PREDICTED: 
apolipoprotein A-I-like

139 13,473 8.87 Lipoprotein Turkey

PREDICTED: astacin-like 
metalloendopeptidase-like

157 47,177 6.79 Metalloprotease Turkey

PREDICTED: beta-2-
glycoprotein 1

75 40,069 8.6 Transport Chicken

PREDICTED: cysteine-rich 
secretory protein 3-like

322 29,625 6.29 Unknown Turkey

PREDICTED: gamma-
glutamyltranspeptidase 1

104 61,757 6.3 Amino acid 
transport

Chicken

PREDICTED: 
haemopexin-like, partial

499 21,673 5.57 Iron binding Turkey

PREDICTED: hepatocyte 
growth factor activator

227 62,008 6.96 Unknown Turkey

PREDICTED: hypothetical 
protein (Gallus gallus)

87 34,637 9.34 Unknown Chicken

PREDICTED: nuclear 
transport factor 2-like

175 14,565 5.10 Transport Turkey

PREDICTED: similar to 
Rsb-66 protein isoform 1

140 19,531 6.58 Unknown Chicken

PREDICTED: trypsin 
inhibitor ClTI-1

147 9,405 7.53 Enzyme Chicken/Turkey

Scavenger receptor 
cysteine-rich domain-
containing protein

93 50,311 4.72 Unknown Chicken

Serum albumin precursor 218 71,868 5.51 Transport Chicken/Turkey
Superoxide dismutase 

(Cu-Zn)
70 15,579 6.1 Enzyme Chicken

Tyrosine/tryptophan 
monooxygenase 
activation protein

262 27,810 4.73 Enzyme Chicken

Vitamin D-binding protein 
precursor

358 55,362 6.47 Transport Chicken
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Semen is collected either directly into a 
conical tube or aspirated into a vial via a 
mouth pipette. Aspirated semen is often 
passed through a filter to prevent faecal and/
or urate contamination of the semen. Because 
chicken and turkey semen are characterized 
by low collection volumes (~0.2–1.0 ml) and 
high concentrations of spermatozoa (chicken, 
6 × 109 spermatozoa/ml; turkey 9 × 109 sper-
matozoa/ml), semen must be pooled from 
multiple males to achieve the volumes needed 
for AI of multiple hens. This requires the 
semen collector to perform an initial evalua-
tion of semen quality by only pooling semen 
that is thick and pearly white or cream col-
oured. Semen that is watery in consistency 
typically has low sperm concentration. In tur-
keys, yellow semen will lower the fertilizing 
potential of the entire semen pool (Kotłowska 
et al., 2005; Christensen et al., 2010).

Approximately 10% of the commercial 
turkey population has a condition known as 
yellow semen syndrome (Thurston and Korn, 
1997). Semen from these males has similar 
volume and sperm concentration to that of 
normal turkey semen, but yellow semen syn-
drome has been linked with reduced fertility 
and hatchability (Saeki and Brown, 1962; 
Thurston et al., 1992). Seminal plasma from 
turkeys with yellow semen syndrome is 
characterized by an elevated protein con-
centration ~7 g/dl, compared with 1.8 g/dl in 
normal semen (Thurston et al., 1982). Seminal 
plasma from these males also shows increased 
activities of androgen-binding protein (Hess 
et al., 1984), aspartate aminotransaminase 
and acid phosphatase, as well as elevated 
cholesterol (Hess and Thurston, 1984). Yellow 
semen also contains morphologically abnor-
mal spermatids and high levels of mac-
rophages or spermiophages (Thurston et al.,
1975). Histological studies revealed that, in 
yellow semen syndrome males, the ductuli 
efferentes epithelia were hypertrophied and 
filled with lipid-like droplets (Hess et al.,
1982); ultrastructural studies showed evi-
dence of cholesterol clefts and excessive apo-
crine secretion in the epididymal region (Hess 
et al., 1982). To date, the exact cause of yellow 
semen syndrome in turkeys is unknown, and 
breeders typically cull males exhibiting this 
syndrome from the breeding population.

Sperm concentration

The colour of poultry semen is generally an 
indication of the density of the ejaculate, 
ranging from opaque white with a relative 
high sperm density to clear with declining 
sperm numbers (Parker and McDaniel, 2006). 
There are three basic methods used by pro-
ducers to estimate sperm concentration more 
precisely: (i) direct counting using a haemo-
cytometer; (ii) the spermatocrit method; and 
(iii) estimation from optical density.

Direct counting of spermatozoa in a 
dilute solution using a haemocytometer is 
the most accurate method, but this method 
is time-consuming on a commercial scale. 
Haemocytometer counts are most often used 
in the one-time preparation of standard curves 
to correlate the indirect density or volume 
readings, obtained from instruments such as 
spectrophotometers or capillary centrifuges, 
with actual numbers of spermatozoa.

Most producers use the spermatocrit 
method to estimate sperm concentration. 
Based on the same principle as determining 
blood haematocrits, high-speed centrifugation 
of a sample of poultry semen in a capillary 
tube will cause the sperm and other cells to 
become tightly packed. This packed cell vol-
ume is then converted to sperm concentration 
using either a conversion factor or a standard 
curve, both of which are previously derived by 
comparing and graphically plotting haemocy-
tometer counts against corresponding packed 
cell volumes (Bakst, 2010a). The disadvantages 
of the spermatocrit are that: (i) a high number 
of other cells (e.g. bacteria, blood cells) can 
falsely elevate the packed cell volume; and 
(ii) for semen samples with very low sperm 
concentrations, the volume of packed cells is 
poorly correlated with the number of sperm-
atozoa in the sample (Etches, 1996).

Because there is a high correlation between 
the transmission of light through semen and 
the concentration of spermatozoa obtained by 
direct counting (Brillard and McDaniel, 1985), 
the optical density of a highly diluted semen 
sample provides an indirect estimate of the 
sperm concentration when compared with an 
in-house-generated standard curve, or using 
the line equation supplied by the manufacturer 
of the photometer (Long, 2010).
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Sperm plasma and acrosome 
membrane integrity

Sperm viability is determined by measuring 
the integrity of the sperm membrane with 
colorimetric or fluorescent stains to provide a 
ratio of live (e.g. membrane intact) to dead 
(e.g. membrane compromised) spermatozoa. 
The most common viability stain for poultry 
spermatozoa is nigrosin–eosin, which is based 
on the principle that live spermatozoa have 
intact membranes that are capable of exclud-
ing the eosin stain (Bakst, 2010b); the nigrosin 
stain provides background contrast to dis-
tinguish clear or non-stained spermatozoa 
(e.g. viable sperm) from purple-stained sperm-
atozoa (non-viable sperm). The size of avian 
spermatozoa requires the use of an oil immer-
sion lens to accurately distinguish between 
viable and non-viable cells. An alternative 
dual stain for poultry spermatozoa that can 
be used with either a fluorescent microscope 
(Chalah and Brillard, 1998) or a flow cyto-
meter (Long and Kramer, 2003) uses a combi-
nation of SYBR-14® and propidium iodide 
(PI). SYBR-14® is a membrane permeant 
(permeating) dye that binds nucleic acids and 
exhibits bright green fluorescence. PI is imper-
meant to intact membranes. Upon crossing 
damaged membranes, PI intercalates with 
DNA and spermatozoa to exhibit a bright red 
fluorescence.

Acrosome membrane integrity has been 
used less frequently than plasma membrane 
integrity for evaluating semen quality, despite 
the potential for acrosome membrane dis-
ruption during hypothermic semen storage. 
As in mammals, acrosome-reacted poultry 
spermatozoa can be detected using fluores-
cein isothiocyanate-conjugated peanut agglu-
tinin (Donoghue and Walker-Simmons, 1999; 
Horrocks et al., 2000; Ashizawa et al., 2004). 
The acrosome of poultry spermatozoa can 
also be induced to react with inner perivitel-
line layer fragments isolated from freshly 
laid eggs (Lemoine et al., 2011), with inner 
perivitelline derived N-linked glycans and 
extracellular Ca2+ (Horrocks et al., 2000), or 
with inner perivitelline layer fragments and 
deltamethrin or fenvalerate, specific inhibi-
tors of protein phosphatase type 2B (Ashizawa 
et al., 2004). The acrosome reaction in poultry 

spermatozoa can be induced rapidly (within 
1 min); however, maximal results were obtained 
after 4–10 min of incubation (Lemoine et al.,
2008). Neither bovine serum albumin nor 
ovalbumin (its homologue in the hen ovi-
duct), or other components known to stimu-
late capacitation or the acrosome reaction in 
mammals (such as NaHCO3 or prostaglandin) 
stimulate the acrosome reaction in poultry 
spermatozoa (Lemoine et al., 2008). From all 
reports to date, the classic hypermotility asso-
ciated with capacitation/acrosome reaction 
in mammalian spermatozoa does not occur 
in poultry.

Sperm motility and mobility

The percentage of motile poultry spermato-
zoa in a given semen sample is difficult to 
quantify microscopically unless the sample is 
diluted to contain 1 × 109 spermatozoa/ml or 
less. Similarly, the use of computer assisted 
sperm analysis systems (CASA) requires 
semen samples to be diluted to contain 25 × 106

spermatozoa/ml (King et al., 2000a). An 
instrument known as the Sperm Quality 
Analyzer® uses light beam interference to 
measure the number and amplitude of poul-
try sperm movements per second in a capil-
lary tube (McDaniel et al., 1998), although 
dilutions of chicken and turkey semen greater 
than fivefold and 20-fold, respectively, 
resulted in a linear decline in sperm quality 
index values (McDaniel et al., 1998; Neuman 
et al., 2002). While the percentage of motile 
spermatozoa in a semen sample may be high, 
this is not synonymous with a high percent-
age of spermatozoa demonstrating progres-
sive, forward motion. In the case of poultry, 
sperm mobility is defined as the net move-
ment of spermatozoa against resistance at 
body temperature (Froman et al., 2006). Over 
a decade of research has shown that sperm 
mobility is a quantitative trait and is a pri-
mary determinant of fertility in commercial 
poultry (Donoghue et al., 1998; Froman and 
Feltmann, 1998; Froman et al., 1999; King 
et al., 2000b; Bowling et al., 2003). An assay 
has been developed for measuring sperm 
mobility in chicken and turkey spermatozoa 
(Froman and McLean, 1996; King et al., 2000a) 
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that also has been validated in boars and 
stallions (Vizcarra and Ford, 2006). A general 
schematic for the sperm mobility assay is 
shown (Fig. 9.2).

Sperm hydrolysing ability

Upon ovulation, the avian ovum is enveloped 
by a thin, fibrous investment called the inner 
perivitelline layer, which spermatozoa must 
digest to reach the germinal disc and fertilize 
the ovum (Bramwell and Donoghue, 2010). 
The sperm penetration assay provides a means 
to quantitatively determine the number of 
sperm hydrolysis points in the perivitelline 
layer overlying the germinal disc by dissect-
ing and subjecting this region of the peri-
vitelline layer to background staining with 
the simple carbohydrate stain of Schiff’s rea-
gent. When viewed with 40× magnification, 
sperm hydrolysis points are easily visualized 
(Fig. 9.3).

The sperm penetration assay is a predic-
tive measure of fertility when performed 
with freshly laid eggs (Staines et al., 1998; 
Kasai et al., 2000; Al-Daraji, 2001; Long et al.,
2010). The original procedure, which was 
developed for chicken eggs (Bramwell et al.,
1995), has been adapted for turkey eggs 
(Donoghue, 1996). An important concept of 
avian fertilization is that, although typically 
50 sperm hydrolysis points are observed in 
the germinal disc region of the inner peri-
vitelline layer – and are indicative of what 
might be considered physiological poly-
spermy – only one spermatozoon is involved 
in avian syngamy. Auxiliary sperm nuclei 
undergo degeneration during subsequent 
embryonic cleavage; however, by quantifying 
the number of spermatozoa trapped between 
the inner and outer layers of the perivitel-
line layer, the phenomenon of physiological 
polyspermy can be used to predict the dura-
tion of fertility and the numbers of sperm-
atozoa residing in the sperm storage tubules 

Semen diluted
with mobility 
buffer at 41°C

Sperm (1 × 109)
layered on top
of Accudenz

Cuvette incubated
at 41°C for 5 min

Optical density measured

0.332

Fig. 9.2. Overview of the sperm mobility assay for poultry spermatozoa.

Fig. 9.3. Representative images of hydrolysis points (indicated by arrows) after 5 min of incubation of 
fresh (left), 6 h stored (centre) or 24 h stored (right) turkey spermatozoa with inner perivitelline layer 
segments from freshly laid eggs.
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(Brillard and Bakst, 1990). Structurally and 
functionally different from the inner perivi-
telline layer, the outer perivitelline layer is a 
fibrous investment that surrounds the ovum 
shortly after fertilization while it is still within 
the infundibulum. Those spermatozoa that 
have not reached the inner perivitelline layer 
become trapped within the fibrous mesh of 
the outer perivitelline layer and can be visual-
ized after staining with a fluorescent DNA-
binding stain (Wishart and Bakst, 2010).

Artificial Insemination

AI of chickens and turkeys has its roots in the 
laboratories of the Beltsville Agricultural Re-
search Center (Quinn and Burrows, 1936; Burrows 
and Quinn, 1937). In those days, poultry AI was 
not required for reproduction, and natural 
mating was commonly used for producing off-
spring. Later, in the 1960s, AI became a critical 
component of turkey reproduction (Donoghue 
and Wishart, 2000); then, the advent of broad-
breasted turkeys ushered in the current 

industry standard for reproduction solely 
through AI. For commercial layer and broiler 
chickens, AI is used mainly by the primary 
breeders to produce elite, pedigree lines; there-
after, subsequent generations are produced by 
natural mating (Etches, 1996). The use of AI, in 
combination with semen dilution, reduces the 
number of males needed at each breeding level 
and enables a high degree of genetic selection.

Semen extenders

As soon as semen is collected from the 
male, a proportion of the spermatozoa begin 
to lose integrity and/or functionality. Syn-
thetic diluents have been developed in an 
attempt to reproduce the in vivo environment 
(Christensen, 1995), and the first chicken 
semen extender was based on the ionic com-
position of the seminal plasma (Lake, 1960). 
There are many variations in diluent compo-
sition (Table 9.5); however, the basic goals are 
to maintain pH and osmolarity, as well as to 
provide an energy source for metabolism.

Table 9.5. Components of extenders for freshly collected chicken or turkey semen.a

Sexton, 1977b; Lake 
and Ravie, 1982

Sexton, 
1982c

Lake and 
Ravie, 1979

Component (role) Chicken Turkey Chicken Turkey

Mono-potassium phosphate (buffer) 0.65 0.65 – –
Di-potassium phosphate (buffer) 12.70 12.70 – –
BESd (buffer) – – 30.5 18.9
TESe (buffer) 1.95 1.95 – –
Sodium acetate (osmotic balance) 4.30 4.30 – 2.0
Potassium citrate (osmotic balance) 0.64 0.64 1.28 2.2
Magnesium acetate (osmotic balance) – – 0.8 1.05
Magnesium chloride (osmotic balance) 0.34 0.34 – –
Fructose (metabolic substrate) 5.00 5.00 – –
Glucose (metabolic substrate) – – 6.0 3.6
Sodium glutamate (chelator) 8.67 8.67 19.2 19.2
HCl (pH correction) – 3.0 ml – –
NAOH (pH correction) – – 58.0 ml 36.0 ml
pH 7.5 6.5 7.05 7.1
Osmolarity (mOsm/kg) 333.0 350.0 411.0 406.0

aListed values are g/l unless otherwise specified.
bCommonly known as Beltsville poultry semen extender.
cCommonly known as Beltsville poultry semen extender-II.
dN,N-bis 2-hydroxyethyl-2-aminoethane sulfonic acid.
eN-Tris (hydroxymethyl) methyl-2-aminoethane sulfonic acid.
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The pH of the semen extender affects 
both metabolic rate and motility of poultry 
spermatozoa. For example, research has 
shown that an alkaline pH increases sperm 
motility in chickens (Holm and Wishart, 1998) 
and, similarly, oxygen uptake by turkey 
spermatozoa has been shown to increase as 
the pH increased from 7.3 to 7.8 (Pinto et al.,
1984). Buffering agents usually include a 
mixture of phosphates, citrates and/or organic 
zwitterionic molecules such as N,N-bis 
2-hydroxyethyl-2-aminoethane sulfonic acid 
(BES) and N-Tris (hydroxymethyl) methyl-
2- aminoethane sulfonic acid (TES) (Donoghue 
and Wishart, 2000).

Poultry spermatozoa maintain fertilizing 
ability across a wide range of osmolarities 
(Christensen, 1995), although the currently 
recommended osmolarity of semen extenders 
is approximately 325–350 mOsm/kg (Graham 
and Brown, 1971). Under hypo-osmotic con-
ditions, an increased incidence of spermatozoa 
with bent necks is observed (Clark et al., 1984) –
a defect that is frequently found in diluted 
chicken and turkey semen, and which is neg-
atively correlated with fertility (Donoghue 
and Wishart, 2000).

Chicken and turkey spermatozoa utilize 
fructose more efficiently than glucose or inosi-
tol (McIndoe and Lake, 1973; Sexton, 1974), so 
fructose has been the primary sugar in most 
semen extenders. The high concentration of 
glutamate and the low incidence of Cl− in 
seminal plasma from poultry have prompted 
inclusion of these components at similar rates 
in most semen extenders (Etches, 1996).

Sperm storage tubules

Given the absence of a mammalian type oes-
trous synchronization between multiple ovu-
lations and copulation, female birds have 
evolved the capacity to store spermatozoa in 
their oviducts. Anatomically, the sperm stor-
age tubules are tubular invaginations of 
the luminal surface epithelium restricted to a 
2–3 cm wide band at the uterovaginal junction. 
Spermatozoa within the chicken hen sperm 
storage tubules retain fertilizing capacity for 
up to 3 weeks, while turkey hen sperm storage 
tubules maintain spermatozoa that are capable 

of fertilization for up to 10 weeks after a single 
insemination (Brillard, 1993). The extraordinary 
time frame of this in vivo storage phenom-
enon, however, does not equate to 3 or 4 week
intervals between inseminations. To main-
tain economically acceptable levels of fertil-
ity, hens are inseminated weekly during 
the egg production period to ensure at least 
92–96% fertility. Hens ovulate every 24–26 h, 
and typically produce 5–7 eggs each week 
for the 5–6 months of egg production. 
Considering that only 1–2% of inseminated 
spermatozoa reach the sperm storage tubules 
(Bakst et al., 1994), a relatively high number 
must remain viable within the sperm storage 
tubules to ensure the fertilization of ova 
that are ovulated between inseminations 
(Long, 2006).

In Vitro Semen Storage

Poultry semen extenders in use today are 
modifications of formulas developed over 
30 years ago, and intended extending freshly 
collected semen for only a few hours before 
insemination. By lowering the pH (Lake and 
Ravie, 1979; Giesen and Sexton, 1982) of the 
extender and providing an aerobic environ-
ment (Sexton, 1974; Wishart, 1981), viable tur-
key spermatozoa can be maintained during 
hypothermic storage at 5–10°C. Under these 
conditions, commercially acceptable fertility 
rates are obtained from turkey spermatozoa 
stored for up to 6 h, though the fertility rates 
of turkey semen stored for 3–6 h steadily 
declines after the first 6–7 weeks of egg pro-
duction. This is in stark contrast with the abil-
ity of the sperm storage tubules to maintain 
viable and functional spermatozoa in the hen 
for weeks at a time. The consequence for 
poultry breeders is that semen must be col-
lected and inseminated within 6 h of collection 
to guarantee high fertility rates throughout 
production.

Short-term hypothermic (4°C) storage

It has been long recognized that the ability to 
store turkey semen for 24 h in vitro without a 



214 J.A. Long

significant loss in fertility upon insemination 
would benefit the commercial turkey industry. 
A number of recent studies have begun to 
discern the mechanisms that adversely affect 
poultry spermatozoa during short-term stor-
age at 4°C. Lipid peroxidation of the plasma 
membrane is one likely candidate for the 
poor fertility of stored poultry semen. The 
high levels of polyunsaturated fatty acids 
in poultry sperm membranes render them 
vulnerable to lipid peroxidation (Fujihara 
and Howarth, 1978; Cecil and Bakst, 1993), 
a chemical reaction that occurs in the pres-
ence of oxygen radicals. Normal by-products 
of oxidative metabolism form free radicals of 
oxygen and hydrogen peroxide, which 
induce the formation of lipid peroxides that 
are extremely toxic to sperm (Wishart, 1984). 
For mammalian spermatozoa, lipid perox-
idation has been linked with a decline in 
sperm motility and metabolism in vitro (Jones 
and Mann, 1976). For turkey spermatozoa, 
the occurrence of lipid peroxidation was 
demonstrated in samples held at 4°C by 
measuring malonaldehyde, a by-product of 
peroxidation (Cecil and Bakst, 1993). More 
recently, Long and Kramer (2003) demon-
strated that the degree of lipid peroxidation 
varies characteristically for each male, and is 
a major contributor to the lower fertility rates 
associated with stored turkey semen; this has 
profound impacts on the common practice of 
pooling semen from a large number of tom 
turkeys for AI.

It has been shown that the phospholipid 
content of turkey spermatozoa decreases 
by 30% during 24 h of storage at 4°C, with 
20% of the loss occurring between 1 and 4 h 
(Douard et al., 2003). It has also been demon-
strated that membrane-bound phospho-
lipids, especially phosphatidylcholine, were 
lost during in vitro storage of chicken 
(Blesbois et al., 1999) and turkey spermatozoa 
(Douard et al., 2000). The inclusion of typical 
antioxidants, such as vitamin E, in the 
extender has not been proven to be effective 
in preventing lipid peroxidation of turkey 
spermatozoa during semen storage (Donoghue 
and Donoghue, 1997; Long and Kramer 2003; 
Douard et al., 2004). However, it has recently 
been demonstrated that turkey spermatozoa 
incorporate exogenous phosphatidylcholine 

into the plasma membrane in a dose- 
dependent manner during in vitro semen 
storage (Long and Conn, 2012). Higher mean 
fertility rates were obtained during a 16 
week insemination trial when semen was 
stored with 2.5 mg/ml phosphatidylcholine 
(66.1%) than without (33.4%), although the 
fertility levels obtained still are not eco-
nomically viable for producers (Long and 
Conn, 2012).

It is likely that other physiological events 
during short-term semen storage also have 
an impact on the viability and functionality 
of poultry spermatozoa. Peláez and Long 
(2008) have provided evidence that the car-
bohydrate residues of membrane surface gly-
coconjugates in turkey spermatozoa undergo 
quantitative changes during 24 h, hypother-
mic (4°C) storage of semen. The magnitude 
and patterns of glycocalyx changes varied 
with sugar residue type, but the majority of 
changes in carbohydrate abundance occurred 
after 8 h of semen storage, which coincides 
with the dramatic loss in fertility for turkey 
semen stored longer than 6 h. Because sialic 
acid is essential for chicken sperm to traverse 
the vagina and become sequestered within 
the sperm storage tubules (Froman and 
Engel, 1989), and removal of terminal sialic 
acid residues may increase the antigenicity of 
chicken sperm in the vagina of the hen (Steele 
and Wishart, 1996), the discovery that hypo-
thermic storage adversely affects the termi-
nal sialic acid content of poultry sperm 
suggests another potential intervention strat-
egy for improving the fertility of stored 
semen. In preliminary studies, poultry sperm-
atozoa exhibit maximal binding of exoge-
nous sialic acid within 60 min of incubation 
in a dose-dependent manner (J.A. Long, unpub-
lished data). Fertility trials were conducted 
over 12 weeks using semen stored with and 
without sialic acid, but with phosphatidyl-
choline. Of the sialic acid doses evaluated, 
80 mg/ml, in combination with phosphati-
dylcholine, supported the highest fertility 
rates (mean 81.2 ± 9.1%) for the first 6 weeks 
of insemination (J.A. Long, unpublished data). 
Using a systematic physiological approach, it 
is anticipated that new extenders will be 
developed to support short-term hypother-
mic storage of poultry semen.
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Semen cryopreservation

Over 60 years ago, the discovery of the cryo-
protective properties of glycerol pioneered 
the success of modern cryobiology and led to 
the development of semen cryopreservation 
for a wide range of species. Despite the fact 
that this scientific breakthrough was accom-
plished with rooster semen (Polge, 1951), the 
overall fertility rates with frozen–thawed 
poultry semen are still highly variable and 
not reliable enough for use in commercial 
production or for preservation of genetic 
stocks (Long, 2006). Moreover, significant dif-
ferences exist among the commercial poultry 
species in terms of the viability and function-
ality of sperm after cryopreservation. In par-
ticular, the fertility rates from frozen–thawed 
turkey semen have consistently been lower 
than cryopreserved chicken semen (Nelson 
et al., 1980; Sexton, 1981; Kurbatov et al., 1986; 
Schramm and Hubner, 1988; Wishart, 1989).

Several comprehensive reviews have been 
published summarizing the empirical studies 
involving cryoprotectant type and packaging 
method, as well as freezing and thawing rates, 
for avian sperm cryopreservation (Lake, 1986; 
Hammerstedt and Graham, 1992; Donoghue 
and Wishart, 2000; Blesbois et al., 2008). The 
two basic methods in use today are: (i) mod-
erately slow freezing rates with glycerol as 
the cryoprotectant; or (ii) rapid freezing rates 
with dimethylacetamide (DMA).

Of the cryoprotectants studied to date, 
glycerol appears to be the most effective for pro-
tecting poultry sperm during the cryogenic 

cycle (Maeda et al., 1984; Bacon et al., 1986; 
Hammerstedt and Graham, 1992; Donoghue 
and Wishart, 2000; Peláez et al., 2011). 
Concentrations of glycerol needed to provide 
adequate protection (~1 M) are contraceptive in 
the hen and must be lowered to <0.1 M before 
the insemination of thawed semen (Neville 
et al., 1971; Sexton, 1973; Sexton, 1975; Phillips 
et al., 1996). The precise reason for the lowered 
fertility of spermatozoa inseminated in the 
presence of glycerol is unknown, but is most 
likely related to the osmotic shock following 
rapid loss of glycerol from spermatozoa in the 
hen’s reproductive tract, and subsequent dis-
ruption of the cell membrane (Westfall and 
Howarth, 1977; Lake et al., 1980). It is well 
known that glycerolized spermatozoa do not 
populate the sperm storage tubules. For exam-
ple, histological sections revealed the absence of 
spermatozoa in the sperm storage tubules after 
intravaginal insemination with glycerolized 
turkey spermatozoa (Marquez and Ogasawara, 
1977). Glycerol is believed to adversely affect 
the sperm cells, rather than the sperm storage 
tubule ability to store spermatozoa, as timed 
inseminations of glycerol before, during and 
after insemination resulted in the greatest con-
traceptive effect when glycerol and spermato-
zoa were mixed (Westfall and Howarth, 1977). 
There are several methods for reducing the 
glycerol content of frozen–thawed poultry 
semen, including serial dilution and dialysis; 
however, these methods can still cause damage 
to spermatozoa. Long and colleagues reported 
the feasibility of using a discontinuous gradient of 
Accudenz (Fig. 9.4) to slowly remove the glycerol 

1. Layer 0.5–2.0 ml of thawed semen on gradient.

2. Centrifuge (1250 × g; 4°C; 25 min).

3. Recover sperm layer.

4. Dilute with extender prior to insemination.

Cryodiluent and seminal plasma

12% Accudenz layer (5.0 ml)

30% Accudenz layer (0.5 ml)

Spermatozoa

Fig. 9.4. Overview of the Accudenz discontinuous gradient method to remove glycerol from frozen–thawed 
poultry semen.
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without excessively diluting or damaging 
poultry spermatozoa (Long and Kulkarni, 2004; 
Long et al., 2010; Peláez et al., 2011).

The post-thaw processing required with 
glycerol-based cryopreservation procedures 
has prompted an alternative method using 
DMA as the cryoprotectant and very rapid 
freeze–thaw rates (Chalah et al., 1999; Tselutin 
et al., 1999). In these studies, poultry semen 
was frozen by the pellet method, whereby 
semen diluted with a cryodiluent is dropped 
directly into liquid nitrogen. Although the 
highest fertility rates were achieved with 
DMA and the pellet method, this protocol is 
not ideal for semen banks as it does not confer 
the high level of safety and clear identifica-
tion obtained when using glycerol and straw 
packaging. More recently, a method combin-
ing a rapid freeze rate, DMA and straw pack-
aging has been developed for chicken semen 
(Woelders et al., 2006) that also has shown 
promise for turkey semen. In preliminary 
studies, fertile eggs were observed up to 
12 weeks after a single insemination of turkey 
semen frozen using this new strategy (J.A. Long, 
unpublished data).

These recent advances in poultry semen 
cryopreservation technology may not pro-
vide reliable methodology soon enough for 
the unique poultry lines that are currently at 
risk of termination (Delany, 2006; Fulton, 
2006), but there may be a temporary solu-
tion that takes advantage of the relatively 

short spermatogenic cycle in poultry. A large 
body of research clearly demonstrates that 
the lipid content of the plasma membrane of 
poultry spermatozoa can be modified by 
altering the diet (Blesbois et al., 1997; Kelso 
et al., 1997; Surai et al., 2000; Bréque et al.,
2003; Cerolini et al., 2003, 2005, 2006; Blesbois 
et al., 2004; Dimitrov et al., 2007; Bongalhardo 
et al., 2009; Zaniboni and Cerolini, 2009; 
Golzar Adabi et al., 2011). Long-chain poly-
unsaturated fatty acids of the n-3 and n-6 
series cannot be synthesized by vertebrates 
and therefore must be obtained from the 
diet, typically from plants in the form of the 
18-carbon precursors a-linolenic or linoleic 
acid, or from the long-chain derivatives 
(20–22 carbons) found in animal tissues 
(Cook, 1996). Variation in the plasma mem-
brane lipid composition has been suggested 
as a key factor for sperm cryotolerance 
among genetic lines and/or individual 
males from a wide range of species, includ-
ing domestic poultry (Blesbois et al., 2005, 
2008), silver fox (Miller et al., 2005), horse 
(Ricker et al., 2006), goat (Chakrabarty 
et al., 2007), cow (Argov et al., 2007), pig 
(Waterhouse et al., 2006; Kaeoket et al.,
2010) and human (Giraud et al., 2000). New 
studies are underway in the Beltsville 
Agricultural Research Center laboratory to 
determine whether modulating poultry 
sperm membrane lipids improves the suc-
cess of cryopreservation.
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kidney and pass through the abdominal 
wall to eventually reach the scrotum 
(Hutson et al., 1997). At the time of birth, the 
testis is already lodged in the scrotum in 
sheep and goats (Gier and Marion, 1970). 
Each testis is oriented vertically in the scro-
tum with the head of the epididymis located 
at the proximal pole of the testis and its tail 
distal to and extending beyond the 
corresponding two caudal poles of the tes-
tis. In the ram, the testicles weigh between 
200 and 250 g each, whereas in the buck they 
weigh between 130 and 160 g each. The epi-
didymides in small ruminants are oriented 
caudo-medially and the epididymal canal 
can be as long as 40 to 60 mm.

The penis in small ruminants and cer-
vids is fibroelastic in nature and remains 
rigid even in the quiescent stage, without 
the erectile tissue undergoing much engorge-
ment. The penis of the ram and buck has a 
sigmoid flexure located caudal to the sperm-
atic cord, which straightens during erection. 
In contrast, the sigmoid flexure is absent in 
most cervid species. The penis in sheep and 
goats also has a urethral process that pro-
jects about 2 to 3 cm beyond the glans 
penis. In juvenile or immature males, there 

Introduction

An understanding of both normal and abnor-
mal male sexual development in small rumi-
nants and cervids represents an essential 
basis for implementing breeding soundness 
evaluations in these species, and interpreting 
the results obtained. This includes factors, 
such as seasonality, that affect the attainment 
of puberty, as well as other reproductive 
traits. Variations occur among the different 
species discussed with reference to semen 
collection, handling and evaluation.

Male Sexual Development

Normal development

The male reproductive system in small 
ruminants and cervids is similar in most 
respects and comprises a pair of extra-
abdominal testes suspended within the 
scrotum, which is covered by fine hair, the 
excurrent duct system, a fibroelastic penis 
and accessory sex glands. The fetal testes 
migrate from the posterior pole of the 
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are natural adhesions between the urethral 
process, glans penis and prepuce, thus ren-
dering these animals incapable of copulation 
(Plate 13).

The urethral process is absent in cervids 
and the urethra, which runs along the ventral 
surface of the penis throughout its length, 
curves dorsally at its extremity. This permits 
the ejection of urine and a few sperm in an 
upward direction, which is important during 
the ‘thrash-urination’ activity indulged in by 
rutting wapiti and red deer males as they 
spray upwards almost at right angles on to 
their ventral abdomens, neck and throat 
(Haigh, 2007). In these species, the prepuce 
also has well-developed muscles that are 
responsible for the remarkable rapid forward 
and backward movement, often called palpi-
tation, of this region seen during the rut. This 
behaviour, and the degree of development of 
these muscles, has not been reported in any 
other genus (Haigh, 2007).

Rams and bucks have a full comple-
ment of accessory sex glands, of which the 
seminal vesicles are the largest and lie on 
each side of the caudal part of the dorsal sur-
face of the bladder. The disseminated pros-
tate completely surrounds the wall of the 
pelvic urethra in small ruminants, whereas 
in red deer and wapiti, it is a discrete, bilobed 
body lying anterior to and continuous with 
the disseminate prostate. The epithelium of 
the body of the prostate undergoes marked 
changes according to the season, but few or 
no changes are seen in the epithelial archi-
tecture of the disseminate part. The paired 
bulbourethral glands are found lying on the 
dorsal surface of the urethra opposite the 
ischial arch and are covered by a thick layer 
of dense connective tissue and by the prox-
imal part of the thick bulbospongiosus muscle 
(Haigh, 2007).

Abnormal development

Several disorders of sexual development have 
been studied in depth and documented for 
domestic small ruminants, but very little infor-
mation is available for the cervid species. The 
nature of these disorders is usually complex, 
involving several factors, and is generally 

discussed in association with: (i) abnormali-
ties of chromosomal sex, which include 
syndromes related to sex chromosome mono-
somy, trisomy, mosaicism, chimerism and 
translocation; (ii) abnormalities of gonadal 
sex, which include XX and XY sex reversal 
syndromes and true hermaphrodites; and 
(iii) abnormalities of phenotypic sex, which 
include true hermaphrodites, female and 
male psuedohermaphrodites, and cryptor-
chidism (Mastromonaco et al., 2011).

Intersexuality

Intersex animals, which include true and 
pseudohermaphrodites, may exhibit decreased 
reproductive efficiency owing to altered sex-
ual behaviour, ambiguous external genitalia 
and decreased production of viable gametes 
(Ladds, 1993).

Intersexuality has been well docu-
mented in goats, with an association shown 
between the natural absence of horns and the 
intersex condition. An increased prevalence 
is seen in polled dairy breeds (i.e. those lack-
ing in horns) such as the Saanen, Toggenburg, 
Alpine and Damascus (Basrur and Kochhar, 
2007), while the condition is rare or not 
reported for breeds such as the Nubian and 
Angora, as it is likely that these breeds 
have a different mode of horn inheritance 
(Crepin, 1958). Hermaphroditism and horned 
traits in goats are controlled by recessive 
genes, and these two loci are close to each 
other on the same chromosome (i.e. they are 
linked) (Mickelsen and Memon, 2007). The 
polled condition is a result of mutation at the 
horn locus. The polled trait (P) is dominant 
to the horned trait (p) and appears together 
with hermaphroditism (h) in PPhh or Pphh
goats because the two loci are linked (Asdell, 
1944). Intersexes are thus seen mainly among 
polled animals and rarely among horned (pp)
animals, where they can occur because of 
occasional crossing over between the two loci. 
Most polled caprine intersexes are geneti-
cally female (XX), as demonstrated by karyo-
typing, and the breeding history usually 
indicates that they are homozygous for the 
polled trait.

In the female caprine fetus that is homozy-
gous for the polled gene, two manifestations 



228 S. Sathe and C.F. Shipley

of the P gene divert the process of sexual dif-
ferentiation towards the male despite the 
presence of two X chromosomes (Wachtel 
et al., 1978). Polled intersex goats have been 
shown to be negative for the gene SRY on the 
Y chromosome; this sex-determining gene is 
one of the major genes responsible for testicu-
lar induction (Just et al., 1994). Recently, an 
11.7 kb deletion on chromosome 1 of the goat 
known as the PIS (polled trait related intersex 
syndrome) deletion has been identified as 
causing the polled condition (Basrur and 
Kochhar, 2007). Most caprine intersexes 
appear female-like at birth, with the presence 
of small teats and a shortened penis or a 
bulbous clitoris, but as sexual maturity 
approaches they start displaying secondary 
male sexual characteristics such as masculine 
head appearance and erect hair on the neck. 
The clitoris may become visibly enlarged. 
They may behave like bucks, as shown by 
their aggressive behaviour towards other 
goats and people. In the presence of a doe in 
heat, such animals may display a pro-
nounced male libido. Most intersexes usu-
ally have intra-abdominal testes, although in 
some the testes may partially or completely 
descend. The principal hormone produced 
by caprine intersexes is usually testosterone 
(Smith and Sherman, 1994). They may be 
used as teaser animals as they are sterile. 
Goats that are true hermaphrodites are often 
whole-body chimeras (Basrur and Kochhar, 
2007). Bhatia and Shanker (1992) have 
reported the occurrence of a single fertile 
Saanen × Beetal buck goat with both XY and 
XXY cell lines in its blood. However, the 
mechanism by which this mosaic was cre-
ated could not be determined and at least 
four of the buck’s 16 progeny were culled for 
breeding problems.

Intersexuality is rare in sheep and is 
caused by whole-body chimeras due to 
freemartinism. Unlike the situation in cattle, 
where the incidence of freemartins in female 
heterosexual twins is close to 90% (Ruvinsky 
and Spicer, 1999), in sheep only 1% of hetero-
sexual twins are diagnosed as intersex (Smith 
et al., 1998). Sheep diagnosed with intersex 
may show an XX/XY karyotype, which may 
be the result of mosaicism due to failure 
of cell division of the zygote, or chimerism. 

The latter may occur when a polar body is 
accidentally fertilized by a Y chromosome 
spermatozoon and the corresponding oocyte 
is fertilized by an X spermatozoon, with the 
occurrence of a mixture of genetic material of 
two diploid cells resulting in an individual 
with two cell populations (Cribiu and 
Chaffaux, 1990). Intersexuality in sheep 
results in masculinization of the reproductive 
tract (Wilkies et al., 1978) and associated 
abnormalities. These could range from a com-
plete absence of a cervix and bilateral pres-
ence of female and male gonads (ovary and 
testis), to variable degrees of development of 
the epididymis accompanied by marked 
agenesis of the deferent ducts and other struc-
tures arising from the mesonephric ducts. 
Extreme cases may sometimes be accompa-
nied by the presence of a pseudoprepuce and 
hypertrophy of the clitoris.

Reports of sexual abnormalities in wild 
ruminants are still scarce (Bunch et al., 1991), 
although a recent report of a case of true herm-
aphroditism has been described for an 
Iberian roe deer (Pajares et al., 2009). The ani-
mal showed ovarian-like structures with fol-
licles on the surface and the presence of 
testosterone-producing testes on necropsy. 
Based on lack of evidence for SRY sequences 
and the PIS deletion, this roe deer was diag-
nosed as possessing the SRY-negative XX 
hermaphroditism syndrome. Similar cases 
have been documented for captive bred red-
fronted gazelles (Gazella rufifrons laevipes) at 
the San Diego Zoo in California, where three 
animals were evaluated for presence of 
abnormal genitalia (Mastromonaco et al.,
2011). One of the gazelles assessed to be a 
female showed the presence of a vagina, 
immature uterus and ovaries, and a lack of 
testicular tissue, but had a male karyotype 
(58,XY). It was hypothesized that this animal 
may have lacked the essential genes for pro-
moting male sex determination, which could 
be due to a mutation or deletion in the SRY or 
a related gene, such as SRY-box 9 (SOX-9). 
These genes have been demonstrated to play 
a role in case of sex reversal in domestic spe-
cies. The other two gazelles were diagnosed 
as a true hermaphrodite and a male psuedo-
hermaphrodite based on their phenotypic 
ambiguities.
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Sperm granulomas

Unlike polled female intersexes, polled male 
bucks do not generally show any obvious 
malformation of the external genitalia and 
undergo normal growth and sexual matura-
tion. However, because of defects in their 
gonadal ductal system, these animals often 
suffer from a stenosis of the epididymis 
(Hamerton et al., 1969). This results in the 
retention of spermatozoa in large masses in 
the lumen of the duct. Sometimes, there is a 
rupture of the seminiferous tubules close to 
the rete testes, leading to extravasation of 
sperm in the interstitium, which, in turn, 
leads to an inflammatory granulomatous 
reaction often described as a sperm granu-
loma. This type of epididymal stenosis lead-
ing to sterility is detected in less than 30% of 
polled bucks resulting from polled-to-polled
matings, but it is believed that the afflicted 
bucks are homozygotes for the polled gene 
(Basrur and Kochhar, 2007).

Thus, homozygosity for the polled 
mutation (PIS deletion) appears to be disad-
vantageous to both sexes as in the male it 
causes poor differentiation of the androgen-
dependent duct system and leads to sterility, 
and in the female it allows the expression of 
genes in the testicular differentiation path-
way leading to the masculinization of the 
gonad, gonaduct and external genitalia. The 
mechanism leading to the interruption of 
Wolffian duct differentiation in XYPP ani-
mals is not yet understood.

Cryptorchidism

Cryptorchidism may be defined as the failure 
of one or both testes to descend into the scro-
tum at the appropriate time for the species of 
interest, and is considered to be one of the 
most frequent abnormalities of male sex 
differentiation (Thonneau et al., 2003). The 
retained testicle is located anywhere along 
the normal path of descent, or is diverted to 
an ectopic location. Unilateral cryptorchidism 
may or may not adversely affect semen qual-
ity, whereas bilateral cryptorchidism results 
in sterility. Among unilateral cryptorchids, 
the right testis is retained in the abdomen in 
about 90% of the animals (Ott and Memon, 1980). 

Cryptorchidism in goats is usually associated 
with the intersex condition, except in the case 
of Angora bucks, where it may also be related 
to a recessive trait (Skinner et al., 1961). Persis-
tent Müllerian Duct syndrome (PMDS), which 
is a condition distinct from cryptorchidism, is 
also known to cause bilateral cryptorchidism. 
Affected animals are karyotypically male 
with a well-developed penis and are sterile. 
Failure of the Müllerian duct to regress in 
PMDS males is attributed either to arrested 
or delayed function of the fetal Sertoli cells, 
which normally produce the high molecular 
weight glycoprotein dimer, Anti-Müllerian 
hormone (AMH), during the differentiation 
of the embryonic ducts. Müllerian duct 
regression could also be impeded by the 
absence of receptors for binding this hor-
mone on the embryonic paramesonephric 
derivatives (Basrur and Kochhar, 2007). This 
anomaly in goats is inherited probably as an 
autosomal recessive trait and is most often 
not recognized as such because it is mis-
taken for the intersex condition (Haibel and 
Roijko, 1990).

Cryptorchidism in rams is chiefly attrib-
utable to recessive genetic factors and usually 
occurs bilaterally (Wendt et al., 1960). A recent 
study (Williams et al., 2007) has provided evi-
dence that this defect in sheep could be asso-
ciated with the insulin-like hormone 3 (INSL3)
gene, which is involved in testicular descent 
and development of external genitalia. Owing 
to the heritable nature of this condition, it is 
highly desirable to cull affected animals from 
the flock.

Beside genetic and chromosomal abnor-
malities, endocrine disrupting chemicals 
(EDCs) have also been shown to influence the 
occurrence of cryptorchidism, as noted in a 
field study of Sitka black-tailed deer (Odocoileus 
hemionus sitkensis) on Aliulik Peninsula, 
Alaska. These animals were initially being 
examined for antler deformities. The incidence 
of unilateral or bilateral cryptorchidism in this 
deer population was estimated at 75%, and 
was associated with testicular lesions and ant-
ler deformities (Veeramachaneni et al., 2006). 
Based on the lesions observed, it was 
hypothesized that it was more likely that 
this testis–antler dysgenesis resulted from con-
tinuing exposure of pregnant females to an 
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oestrogenic environmental agent(s), thereby 
transforming testicular cells, affecting the 
development of primordial antler pedicles 
and blocking transabdominal descent of fetal 
testes.

Hypospadias

Hypospadias is an abnormality of the exter-
nal genitalia in the male that is characterized 
by a congenital defect of the urethra, which 
fails to fuse along its entire length, so that it 
opens at some point along the ventral aspect 
of the penis or in the perineum. This condi-
tion is most commonly seen in humans and 
has also been reported in various species of 
domestic animals. The aetiology of hypospa-
dias is not well understood; it seems to be 
multifactorial and may be related to genetic, 
endocrinological and environmental factors 
(Silver, 2000). Familial clustering of hypospa-
dias among first-degree relatives, as well as 
twin studies and segregation analysis, have 
supported a strong heritable component in 
this disorder in humans (Fredell et al., 2002).

In goats, hypospadias is usually associ-
ated with the intersex condition and affected 
animals should be culled. In an Iranian study, 
24 cases of caprine hypospadias from eight 
different flocks were evaluated (Sakhaee and 
Azari, 2009) within a span of 7 months. All 
affected animals were confirmed to be males 
based on external phenotypic characteristics, 
with no true or pseudohermaphroditism 
detected. However, no karyotyping was per-
formed on these animals. Penile and testicu-
lar hypoplasia was detected in all cases, with 
one animal even showing the presence of an 
ectopic penis located between the anus and 
scrotum. The external urethral opening was 
usually located along the ventral aspect of the 
penile shaft, except for one case in which it 
was seen in the scrotal region. Hypospadias 
in goats may be asymptomatic, and careful 
examination of the exteriorized penile shaft is 
often necessary to diagnose the condition. 
Depending on the location of the defect, some 
animals may show signs of urine scalding 
and leakage in the subcutaneous tissue.

In rams, hypospadias is a relatively rare 
condition, and occurs in animals with a genetic 
predisposition, as seen in certain breeds such 

as the Merino (Dennis, 1979). A large abattoir 
survey in the UK gave a reported incidence 
rate of 0.23% (Smith et al., 2006). Hypospadias 
in sheep may or may not be accompanied by 
other abnormalities of the reproductive tract, 
such as a divided scrotum or a shortened penis 
with absence of a sigmoid flexure. In some 
cases, the urethral process is found to be absent 
or tightly adhered to the galea. As in goats, 
the presence and severity of clinical signs 
depends on the location of the external ure-
thral opening, with severe ulceration of the 
scrotum seen especially in rams that have a 
periscrotal opening.

Puberty

Puberty may be defined as that stage in the 
process of sexual maturation when the animal 
becomes capable of reproduction. In males, it 
is usually indicated by the presence of viable 
spermatozoa in the ejaculate as well as the 
display of mating behaviour. Several factors, 
such as the season of birth, body weight at 
weaning, plane of nutrition and growth rate, 
have been shown to influence the onset of 
puberty. Most small ruminants and cervids 
are seasonal breeders, and hence age at 
puberty may be influenced by the season of 
birth, with spring-born animals reaching 
puberty faster than autumn-born bucks/kids. 
As puberty approaches, increases in serum 
testosterone are preceded by increases in the 
plasma concentration of luteinizing hormone 
(LH). Most pubertal animals will start dis-
playing mounting behaviour, flehmen, inter-
est in females in the flock or herd and attempts 
to gain intromission. The semen quality at 
this stage is, however, poor and it is highly 
recommended that full sexual maturity be 
attained before introducing these animals as 
potential sires into a breeding flock. At this 
stage, the semen has a high proportion of 
sperm abnormalities and low sperm motility. 
Semen quality improves significantly within 
a few months of puberty, with the rate of tran-
sition from poor to good semen being 
dependent on breed (Court, 1976), and more 
fertile or prolific breeds achieving these 
parameters earlier. Crossbreeding of breeds 
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of low prolificacy with those of high prolifi-
cacy and out-of season-breeding ability may 
in fact hasten puberty in F1 crosses, as well as 
help in improving reproductive performance 
(Kridli et al., 2006).

In goats, photoperiod does not seem to 
influence testicular growth and spermatogen-
esis significantly as bucks can attain puberty 
during long or short day lengths. Instead, 
age, body weight and nutrition seem to play 
important roles. The average age of puberty 
in bucks often depends on the breed of the 
animal, with the pygmy breeds achieving 
puberty earlier (at 2 to 3 months) than Nubian 
or Boer bucks (4 to 5 months) (Edmondson 
et al., 2012), whereas Damascus bucks achi-
eve puberty by the age of 24 to 48 months 
(Epstein and Herz, 1964). Boer goat kids have 
been found to be capable of spermatogenesis 
when they are just 84 days old, with sperm 
found in the epididymis at 140 days of age 
(Skinner, 1970). In the northern hemisphere, 
most goat breeds usually attain puberty by 
the age of 4 to 5 months; natural adhesions 
between the prepuce and the penis, which 
preclude the buck from successful mating 
before puberty, start separating under the 
influence of testosterone a month earlier 
(Plate 13). By the age of 4 to 5 months, it is 
advisable to start keeping the male and 
female kids separately, as buck kids will start 
displaying libido and fertile mating may be 
possible, although bucks belonging to the 
Nubian or Boer goat breeds do not produce 
good quality semen until they are approxi-
mately 8 months old.

The average age for achieving puberty in 
rams is around 6 months, depending on the 
breed of the animal and season of birth. 
Puberty in rams, unlike that in goats, is 
greatly influenced by the season of birth, with 
ram lambs born in the spring and receiving 
adequate nutrition achieving puberty at 5 to 
6 months in the subsequent autumn. In con-
trast, autumn-born lambs do not achieve 
puberty until they are about 10 to 12 months 
old as the long days of the subsequent spring 
and summer delay its onset. Similarly, rams 
exposed periodically to cycling ewes also tend 
to reach puberty faster and display an earlier 
onset of mating activity than non-exposed rams. 
Spring-born rams from temperate climates 

show a gradual increase in testicular size that 
parallels changes in growth rate, with a more 
rapid phase of testicular growth occurring 
in the autumn. Changes in gonadotrophin-
releasing hormone (GnRH)-induced LH secre-
tion drive the final maturation of the testes, 
including the stimulation of testosterone 
secretion (Fitzgerald and Morgan, 2007). 
Reproductive efficiency in sheep is improved 
by various methods, such as selection, the 
introduction of new sires and crossbreeding. 
Thus, breeds such as the Romanov, which 
are characterized by early sexual maturity 
(3 months old), high prolificacy and out-of-
season breeding ability, can be crossed with 
late-maturing breeds such as the Awassi, 
which does not achieve puberty until 8 to 9 
months old. In rams, body weight rather than 
chronological age is the more important fac-
tor regulating onset of puberty. Hence, opti-
mal post-weaning nutrition management has 
a strong influence on lamb weight gain, 
which, in turn, is related to testicular growth 
and puberty (Mukasa-Mugerwa and Ezaz, 
1992). Nutritionally induced fetal growth 
restriction also has a significant impact on the 
onset of sexual maturation (Da Silva et al.,
2001). High maternal nutritional intakes 
throughout gestation in adolescent pregnant 
sheep, resulting in rapid maternal growth rates 
and significant reductions in both placental and 
fetal mass at term, can cause a significant delay 
in the time of onset of puberty in male lambs.

Almost all cervids, like sheep, have a 
defined breeding season (rut) related to 
photoperiod, which greatly influences the 
attainment of puberty and secretion of repro-
ductive hormones. The breeding season 
among cervids is strongly linked to the devel-
opment of secondary sexual characteristics 
such as increases in testicular diameter and 
the musculature of the neck, as well as antler 
growth and size. Attainment of puberty is 
evidenced by steady increases in the serum 
level of testosterone, which reaches a peak 
associated with the beginning of reproduc-
tive ability. In red deer, testicular size starts to 
increase in the autumn, when the male is usu-
ally around 3 months old; this increase is 
arrested in the subsequent spring, though the 
actual size does not decrease. The increase in 
testicular size resumes in the second autumn 
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of life, by which time the male has attained a 
threshold live weight. Thus, onset of puberty 
in red deer extends from 9 to 15 months of 
age (Lincoln, 1971). In contrast, white tailed 
deer (WTD) can reach puberty as early as 
6 months, with males known to breed suc-
cessfully by the age of 1 year (Schultz and 
Johnson, 1992). With the onset of puberty, 
WTD buck fawns can display small calcified 
antler buttons in the first winter of life. 
Reindeer calves can also attain puberty and 
sexual maturity by the age of 6 to 8 months, 
and in the absence of an adult male, larger 
male calves can take over a dominant 
role and successfully breed with receptive 
females. Among tropical species of deer, such 
as the chital or spotted deer, male fawns 
attain puberty by the age of 14 months, with 
the first rut occurring after the first harden-
ing of the second antlers. Male sexual devel-
opment of the endangered male Pampas deer 
of South America is usually determined 
based on the antler characteristics (Ungerfeld 
et al., 2008). These males are known to grow 
small, single-spiked, 2–8 cm long antlers and 
begin displaying courtship behaviour by 5 to 
6 months of age. Puberty is thought to occur 
by the age of 1 year although fawns born in 
the spring are not sexually mature by the 
following autumn.

Breeding Soundness Evaluation

Breeding soundness evaluation (BSE) of the 
ram or buck is an overall clinical assessment 
of the capacity to impregnate a certain num-
ber of healthy females (a common standard is 
50 females for a mature ram/buck) during a 
defined breeding season, usually the fall 
(autumn) in North America. Most impor-
tantly, BSE provides criteria for the identifi-
cation and culling of potential sub-fertile/
infertile males, as they could account for 
major genetic changes in a flock. A positive 
correlation has been found between use of a 
male proven satisfactory on a BSE and both 
the increased percentage of pregnant females 
and the size of the offspring crop at the end of 
the breeding season. The use of proven rams 
has also resulted in more lambs being born 

early in the lambing season, which, indirectly, 
results in heavier lamb weights at weaning. 
Identifying satisfactory breeders also helps to 
rule out this parameter as a potential cause of 
infertility in the herd or flock. Besides con-
firming a suspected case of male infertility, 
the result of the examination may allow the 
owner to receive compensation or a replace-
ment animal from the seller if the ram or buck 
is insured. A complete BSE includes the eval-
uation of anatomical and structural correct-
ness, testing for freedom from disease, 
optimal body condition score, examination of 
external and internal genitalia, and semen 
collection and evaluation. Ideally, a BSE 
should be performed at least 30 to 60 days 
before a breeding season, thereby allowing 
time to recheck or replace sub-fertile rams 
and bucks.

The traditional BSE performed in rams 
and bucks is usually not performed in farmed 
male cervids because of the obvious diffi-
culty of handling and examining the con-
scious male, especially in the rutting season. 
However, male cervids can be restrained in 
a crush or squeeze chute or tranquillized/
anaesthetized for the purpose of semen col-
lection and evaluation.

Physical examination

The first portion of the BSE is a thorough 
physical examination for general health (Ott 
and Memon, 1980). The physical examina-
tion should include observation of all char-
acteristics that may interfere with a ram’s or 
buck’s ability to locate ewes and does in 
heat, and to successfully breed with them. 
A body condition score (BCS) of 3–3.5 out 
of 5 is usually recommended for rams and 
bucks when they are entering the breeding 
season. To be classified as a satisfactory 
potential breeder, a ram or buck should be in 
good flesh. Thin or excessively fat animals 
should be avoided, but a little reserve flesh 
is desirable, as males can be expected to lose 
weight during the breeding period. Red deer 
stags are recommended to have a BCS as 
close as possible to 5 (on a scale of 1 to 9), as 
they will lose 25–30% of their pre-rut weight 
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even if fed well (Haigh and Hudson, 1993). 
It has been reported that shearing rams 
before they are used for breeding in late 
summer and early autumn results in greater 
fertility (Hulet, 1977). Shearing apparently 
helps to alleviate the detrimental effects of 
high ambient temperature on fertility in 
rams. In addition to body condition, mucous 
membranes and sleekness of the hair coat 
should be evaluated for evidence of parasit-
ism, malnutrition or chronic infections. 
Deworming before the breeding season has 
been suggested as a prudent practice.

The ram/buck should be free of known 
genetic or possibly hereditary defects such 
as hernias, jaw malformations or supernu-
merary teats. Bucks especially should not be 
phenotypically polled because of the asso-
ciation of this trait with the intersex condi-
tion. The presence of extra teats apparently 
has no relationship to the fertility of the 
buck, but if the trait is passed on to the next 
generation, the buck’s female offspring may 
be less suitable for milking (Schönherr, 
1956). Teeth, eyes, feet and joints should be 
in good condition so that the ram/buck can 
continue to eat well and can follow and mount 
the ewe/doe in oestrus. Males with severe 
structural defects, such as post-leggedness, 
tend to exert more pressure on their pasterns, 
resulting in abnormal growth of hooves. 
Such animals require more frequent trim-
ming of their feet. Similarly, arthritic condi-
tions, foot rot, foot abscesses and overgrown 
hoofs may severely impair the ram or buck 
from satisfactorily performing as per expect-
ations. Structural and physical conditions 
that cannot be corrected should warrant 
culling of the animal to prevent future eco-
nomic losses.

In addition to the physical examination, 
it is important to consider an animal’s breed-
ing history and review records of the past 
breeding performance, such as length of 
lambing or kidding period. A thorough medi-
cal history, with emphasis on recently treated 
disease conditions; especially fever, may raise 
testicular temperature and render the male 
temporarily infertile for up to 60 days. Lastly 
the optimal age of the animal should be con-
sidered: the optimal breeding age is over 
6 months and up to 4 years old.

Disease testing

Ovine epididymitis caused by Brucella ovis is 
an important cause of orchitis and infertility in 
rams. Similar symptoms have been reported in 
the male red deer in New Zealand. B. ovis is 
occasionally associated with abortion in ewes, 
and can cause increased perinatal mortality in 
lambs. Experimental infections have been 
reported in goats and cattle, but there is no evi-
dence that these species are infected in nature. 
B. ovis is often transmitted via homosexual 
activities, or via the ewe during the breeding 
season. Rams often become persistently 
infected, and many of these animals shed 
B. ovis intermittently in the semen for 2 to 
4 years or longer. Direct non-venereal ram-to-
ram transmission is poorly understood and 
may occur by a variety of routes, including 
oral transmission. Shedding has been demon-
strated in the urine as well as in semen and 
genital secretions. The demonstration of the 
existence of genital lesions (unilateral, or, occa-
sionally, bilateral epididymitis) by palpating 
the testicles of rams may be indicative of the 
presence of this infection in a given flock. 
However, this clinical diagnosis is not sensi-
tive enough because only about 50% of rams 
infected with B. ovis present with epididymitis. 
Moreover, the clinical diagnosis is extremely 
non-specific due to the existence of many other 
bacteria causing clinical epididymitis. The 
most frequently reported isolates causing 
epididymitis in rams include Actinobacillus 
seminis, A. actinomycetemcomitans, Histophilus 
ovis, Haemophilus spp., Corynebacterium pseudo-
tuberculosis ovis, B. melitensis and Chlamydophila 
abortus (formerly Chlamydia psittaci). It must be 
emphasized that many palpable epididymal 
lesions in rams are sterile, trauma-induced 
spermatic granulomas (OIE, 2013).

Serological testing of all breeding males 
is, therefore, strongly recommended before 
the start of the breeding season, and may be 
incorporated as an annual exercise, prefer-
ably during the periods of lowest sexual activity. 
In single-sire flocks, the ram should be tested 
at purchase and retested 30 days later. The 
complement fixation test (CFT), agar gel 
immunodiffusion (AGID) test and indirect 
ELISA (I-ELISA) using soluble surface antigens 
obtained from B. ovis, are currently available, 
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and are preferred for routine diagnosis. The 
sensitivities of the AGID test and I-ELISA are 
similar, and sometimes the I-ELISA has 
higher sensitivity than CFT. A combination 
of the AGID test and I-ELISA seems to give 
the best results in terms of sensitivity, but 
in terms of simplicity and cost, the AGID test 
alone is the most practicable test for the diag-
nosis of B. ovis. Despite this, because of the 
lack of standardized methods recognized at 
the international level for I-ELISA and AGID, 
the prescribed test for international trade 
remains the CFT.

Direct diagnosis of B. ovis infection is 
made by means of bacteriological staining 
(Stamp’s method) or isolation of B. ovis from 
semen samples or tissues of rams, or vaginal 
discharge and milk of ewes, on adequate 
selective media (modified Thayer–Martin’s 
medium). Molecular biological methods have 
been developed that could be used for com-
plementary identification based on specific 
genomic sequences. PCR methods provide 
additional means of detection. Rams that test 
positive should be immediately culled. As 
B. ovis has the potential of being in a latent 
stage and not showing a positive test in a 
multi-sire flock, the entire group of rams 
should also be retested at the end of the 
breeding season/at shearing, once again cull-
ing all positive rams.

Examining the scrotum and measuring 
its circumference

Scrotal examination includes palpation of 
the scrotum and its contents as well as 
assessment of testicular size by measuring 
the scrotal circumference. The testes and the 
epididymides should be examined by visual 
assessment and palpation for tone and sym-
metry. Testicular tone may be scored quanti-
tatively in bulls and rams as softness or 
flabbiness may indicate testicular dysfunction 
or degeneration. Likewise, irregular contours, 
lumps or an excessively hard texture may be 
due to testicular fibrosis or calcification sec-
ondary to degeneration and inflammation 
(Plate 14). As additional procedures for eval-
uation of the scrotal contents, thermography 

and testicular ultrasonography are fast gain-
ing popularity, even under field conditions. 
The caput (head), corpus (body) and cauda 
(tail) can easily be palpated in the ram and 
buck. The examination of the cauda epididymis 
in rams is particularly important in view of 
the infectious causes of epididymitis in this 
particular species. The scrotal neck and the 
spermatic cord should be palpated for pres-
ence of vasectomy scars as well as for signs of 
scrotal hernia. Lastly the scrotal skin should 
be examined for signs of dermatitis, mange 
and trauma.

Scrotal circumference, testicular volume 
and daily sperm output are highly correlated 
with each other. Measuring the scrotal cir-
cumference is an integral part of BSE in bulls 
and The Society for Theriogenology has devel-
oped scoring methods for evaluating the bull 
and ram. Although scrotal circumference or 
testicular diameter charts are lacking for most 
breeds of goats, it is reasonable to assume 
that, as for bulls and rams, the male with the 
larger testicular size at a given age is likely to 
produce more sperm. There is a positive cor-
relation between scrotal circumference and 
body weight in bucks.

Similarly, there is considerable evidence 
to suggest that testicular size serves as an indi-
cator of ram fertility, is positively related to 
ewe fertility under heavy breeding pressure 
(Schoeman et al., 1987) and, when measured 
at puberty, is a more accurate indication of 
ovulation rate in female relatives than either 
prepubertal or post-pubertal size. There is a 
significant correlation between scrotal circum-
ference (SC) and body weight (BW) in rams of 
all breeds (Braun et al., 1980). The (US) Western 
Regional Coordination Committee on Ram 
Epididymitis and Fertility recommends that 
ram lambs over 70 kg (150 lb) have an SC of 
greater than 30 cm and that the SC of yearling 
rams (12–18 months) should measure >33 cm. 
Producers of seed or breeding stock should set 
higher standards. Rams weighing 115 kg 
(250 lb.) or more should have an SC > 36 cm 
(Kimberling and Parsons, 2007). As an approx-
imate guideline for dairy goat breeds in the 
USA, bucks weighing more than 40 kg should 
have an SC of at least 25 cm. Bucks of British 
breeds had a mean scrotal circumference of 
24 cm when they reached sexual maturity at 
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5½ months, but the value had decreased by 
several centimetres in the following January 
and February (Ahmad and Noakes, 1996a,b). 
Rams and bucks failing to meet these criteria 
should be culled, as they are likely to be incap-
able of producing enough semen to service 
multiple females during the breeding season.

Measurements of SC should be recorded 
by pulling the testes firmly down into the 
lower part of the scrotum and placing a meas-
uring tape around the widest point. Scrotal 
circumference may vary with season and 
body condition. Photoperiod effects appear 
to account for a 2 cm difference in SC in 
Alpine and Nubian bucks kept in environ-
mental chambers (Nuti and McWhinney, 
1987). In contrast, a study of Creole goats 
found that nutrition, rather than photoper-
iod, determined SC in this breed as managed 
locally (de la Vega et al., 2006). In Jordan, 
Damascus goats had the largest SC in the 
spring, when day length was increasing; this 
is their normal breeding season (Al-Ghalban
et al., 2004). SC in cervids also increases mark-
edly and peaks at about the time of onset of 
the rutting season (Table 10.1).

A threefold increase in scrotal size 
between early summer and autumn has been 
noted in red deer stags, and the SC of male 
elk increases by about 50% during this period 
(Haigh et al., 1984). After this, it declines 
fairly steadily until it reaches its nadir in 
spring. Several types of measuring tapes 
intended for measuring SC are available on 
the market (Plate 15). Some of these also have 
a small tension marker, which indicates the 
adequate tension required to obtain an accu-
rate measurement. In others, the tension 
applied to the measuring tape should be just 
sufficient to cause a slight indentation in the 

skin of the scrotum. Placement of the thumb 
of the hand holding the neck of the scrotum 
between the cords should be avoided as it 
will cause separation of the testes and an 
inaccurate measurement.

Examination of the external 
and internal genitalia

The prepuce and the penis should be visually 
inspected closely as well as palpated for signs 
of injury, pizzle rot (ulcerative posthitis) and 
adhesions. The penis should be extended 
either by restraining the animal in its dock or 
during electroejaculation. The tip of the penis, 
especially the urethral process, should be 
examined for signs of adhesions or ulcera-
tion. Occasionally, mineral deposits/crystals 
adhered to the prepuce might be observed; 
such animals should be observed closely for 
signs of urinary calculi and obstruction.

Palpation of the accessory sex glands is 
either not possible or not as easy to perform 
as it is in bulls. However, the prostate and the 
seminal vesicles can be felt in most rams and 
bucks by inserting a gloved, lubricated finger 
into the rectum. This can be done in conjunc-
tion with cleaning out any faecal pellets from 
the rectum just before electroejaculation. 
Signs of pain, asymmetry or abnormal texture 
of these glands might give an indication of an 
underlying disease process.

Semen collection

Semen collection and evaluation comprises 
the final part of a BSE. A semen sample may 

Table 10.1. Average scrotal circumferences of white tailed deer (WTD).a

Age (years) No. of animals Liveb Testiclesc

Average scrotal 
circumference (SC, cm)

1.5 7 6 1 18.91
2.5 11 11 – 18.04
3.5 2 2 – 18.50
4.5 2 2 – 20.25

aPreliminary unpublished data from the authors.
bDeer examined live (and semen collected by electroejaculation).
cDeer measured when submitted for post-mortem epididymal flushing.
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be satisfactorily collected from rams, bucks 
and wild cervids using either an artificial 
vagina or by electroejaculation.

The artificial vagina

The artificial vagina (AV) is the method of 
choice for collecting semen in small ruminants 
because it gives the most reliable and repre-
sentative semen sample for laboratory evalua-
tion. At the same time, it also requires adequate 
training of the males and the presence of an 
oestrous female for optimal stimulation. 
During the breeding season, most bucks will 
be willing to mount any restrained female. It 
may be beneficial to induce oestrus in cycling 
does or ewes with 5 mg of prostaglandin 
F2 alpha, or to treat them with oestrogen (1 mg 
oestradiol administered 1–2 days previously) 
(Memon et al., 1986) so as to have a more will-
ing mount. The training period for rams and 
bucks for semen collection using an AV can be 
very brief, but may extend up to 3 weeks 
depending on the individual animal and sea-
son (Terrill, 1940). The AV consists of the fol-
lowing parts: (i) a rubber tube that is 8 inches 
long and 2 inches in diameter, and is equipped 
with an air and water valve; (ii) a rubber pres-
sure bulb; (iii) a latex inner liner; (iv) a latex 
semen collection funnel; (v) two wide rubber 
bands; (vi) a 15 ml graduated Pyrex® collection 
vial; and (vii) a non-drying, non-spermicidal 
lubricant (Memon et al., 2007). The casing of 
the AV is filled with warm water to provide an 
internal temperature of approximately 39°C at 
the time of collection. Air is then added to cre-
ate a pressure to simulate the cervix; the AV is 
lubricated immediately before collection. After 
two false mounts, the buck or ram is allowed 
to serve the AV. The penis is never handled 
directly, but is directed by grasping the sheath 
or the prepuce. The buck or ram will then seek 
the AV and thrust into it.

Electroejaculation

Electroejaculation (EE) is frequently carried 
out in untrained bucks and rams as the pres-
ence of an oestrous female is not required to 

stimulate ejaculation during this procedure. 
It is particularly suited for captive cervid spe-
cies, as it can be successfully carried out in 
restrained, sedated or anaesthetized animals. 
EE, although convenient, also has its own 
drawbacks. Some animals do not respond 
well to the electrical stimulus, especially if a 
second or third collection is desired. They 
may fail to ejaculate, or they may contami-
nate the semen sample with urine. Also, 
greater concentrations of sodium and potas-
sium are usually found in both the sperm and 
seminal plasma obtained by EE. Further, EE 
yields ejaculates of larger volumes and lower 
sperm concentration than those obtained by 
AV owing to stimulation of the accessory sex 
glands, though it does not affect the motility 
of spermatozoa (Akusu et al., 1984). As semi-
nal plasma has been found to be generally 
detrimental to the storage of spermatozoa 
(Nunes, 1982), EE is generally not a preferred 
method of semen collection, especially for 
the purpose of cryopreservation. However, 
recent research in Guirra rams has shown that 
high-quality semen can be successfully col-
lected via EE without noticeable differences 
from semen collected using an AV. The semen 
collected by EE was also shown to have a 
higher quality even after cryopreservation. 
Quinn et al. (1968) suggested that spermato-
zoa collected by AV were more resistant to 
cold shock than those from EE. The post-thaw
results for both methods yielded similar sem-
inal quality as measured by both microscopic 
analysis and computer assisted sperm analysis 
(CASA). In this study, a significant effect on 
capacitation status and acrosomal integrity was 
detected: the percentages of non-capacitated
viable and acrosome-intact viable cells were 
higher in samples collected by EE; the num-
bers of acrosome-reacted viable spermatozoa 
were also lower from EE than via AV.

EE can be performed in certain larger cer-
vids, such as the wapiti and the red deer, in a 
standing position using adequate restraint, 
such as a squeeze chute or crush, and without 
drugs, but if these species are in full antler they 
have to be sedated or anaesthetized. Small spe-
cies of cervids, such as WTD and the sika deer, 
are preferably anaesthetized to prevent undue 
excitement and symptoms relating to capture 
myopathy (Plate 16). The authors’ preferred 
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method for field anaesthesia of WTD and mule 
deer for semen collection uses a combination 
of Telazol® plus xylazine. Dosage for this com-
bination is 1mg/lb of each drug IM. This 
regime usually allows more than adequate 
time for semen collection. Action of the xyla-
zine may be reversed using agents such as 
tolazine, atipamazole or yohimbine at the end 
of the procedure. Tolazine (1–2 mg/kg) may 
be given IM to decrease the cardiovascular 
problems encountered with IV administration. 
For more detailed information on sedation 
and anaesthesia in cervids, readers are encour-
aged to refer to specific texts, such as the 
Handbook of Wildlife Chemical Immobilization
(4th edition) (Kreeger and Arnemo, 2012), and 
also to access web sites such as Safe Capture 
International (www.safecapture.com). Some 
practitioners prefer to use inhalation agents, 
but these can be difficult to administer in the 
field. Supplemental oxygen and intubation 
may be indicated in some situations. Rams 
and bucks can be restrained against a wall, 
chute or in lateral recumbency, and semen 
then collected satisfactorily.

The process of EE has two phases and 
involves the stimulation by electric current of 
emission, erection and ejaculation. The emis-
sion of semen from the ampullae and vasa 
deferentia into the pelvic urethra is a sympa-
thetic response effected by contraction of 
smooth muscle in response to stimulation of 
the lumbar sympathetic nerves that form the 
hypogastric nerve. In contrast, erection and 
ejaculation are controlled by sacral parasym-
pathetic nerves that form the pelvic and inter-
nal pudendal nerves located at the level of the 
pelvic urethra and the body of the prostate 
gland (Ball 1986).

Several models and types of electroejacu-
lators are available in the market (Plate 17). 
Most electroejaculators available for small 
ruminants can be used for smaller species of 
cervids, whereas hand-crafted probes may be 
used for red deer and Wapiti (size 4 cm 
diameter for red deer and 6 cm diameter for 
wapiti). These usually have two or three ven-
trally placed electrodes. The instrument from 
Lane Manufacturing Inc. (Denver, Colorado) 
has a commercial wapiti probe that may be 
attached to its Pulsator IV ejaculator unit and 
used on larger cervids. The older commercial 

electroejaculation probes had ring electrodes, 
which surrounded the barrel of the probe. 
These electrodes stimulated nerves other 
than those required for EE. In particular, 
nerves located dorsal to the rectum and 
supplying muscles in the hind limb were 
stimulated, resulting in strong contractions 
of the muscles of the legs, thighs and back. 
These contractions are severe enough with 
some types of probes to cause haemorrhage 
and bruising of affected muscles and stiff-
ness for a few days. Newer probes have lon-
gitudinal electrodes on the ventral side that 
concentrate the electrical stimulation in the 
area where the relevant nerves are located, 
with less stimulation of motor nerves that 
supply skeletal muscles (Plates 17 and 18). 
This simple modification of probe design 
has decreased the intensity of the physical 
response to electrical stimulation signifi-
cantly. In general, sine wave currents appear 
to be more effective than other forms of elec-
trical stimuli in achieving ejaculation (Carter 
et al., 1990).

Procedure

Semen collection using an electroejaculator can 
be performed in cervids, rams and bucks with 
the animal either standing or laying on its side. 
Anaesthetized cervids are usually collected in 
the lateral recumbency with an assistant hold-
ing the back legs and another assistant holding 
the head (Haigh and Hudson, 1993). A cleaner 
collection can be obtained by initially snaring 
the penis with a cotton bandage and directing 
it into a collection vessel, so as to avoid prepu-
tial contamination. For all three animals (cer-
vids, rams and bucks), care is taken to collect 
the ejaculate in fractions, so that every collec-
tion can yield some viable sperm.

Semen in rams and bucks can be collected 
satisfactorily without manually extending the 
penis if it is for a BSE only; in such cases the 
animal can be restrained against a wall in a 
standing position. However, if semen is to be 
collected for extension and freezing, it is gen-
erally recommended to manually extend the 
penis in order to avoid contamination during 
collection from debris falling from the body or 
from the prepuce. In this case, the ram or buck 
is then set on its rump or restrained in a lateral 
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recumbency. The shaft of the penis is grasped 
through the wall of the prepuce and gradu-
ally pushed out, so that the glans penis can 
be grasped and held with a gauze sponge. 
A lubricated finger is inserted into the rectum 
to remove faecal pellets. The lubricated probe 
is then inserted into the rectum, with down-
ward pressure on the front of the probe; the 
area of the seminal vesicles is massaged sev-
eral times. With the probe held on to the area 
of the seminal vesicles, an electrical charge 
is applied for 3–4 s. The electrostimulation 
is stopped briefly (3–4 s) while further mas-
sage is applied with the probe. This cycle is 
repeated until a suitable (usually 0.5–2 ml) 
sample of semen is collected (usually 2–3 electro-
stimulations for rams and bucks). The semen 
sample is usually best collected into a warm, 
17 × 100 mm plastic test tube, but a whirl-pack 
bag can also be used. The sample is placed into 
a heat block to maintain a temperature of near 
37°C until the BSE is completed. The urethral 
process usually twirls rapidly during ejacula-
tion and sprays the semen into the test tube. 
An occasional ram or buck may have a ure-
thral defect that allows semen to flow out of 
the side of the head of the penis. This is not 
normal, and hence not desirable, though the 
actual effect of this type of defect on concep-
tion is not known.

In anaesthetized cervids, more stimula-
tion is needed than in standing collection for 
the ram or buck. Anaesthetized males are also 
more likely to spoil the semen collection with 
urine contamination or accessory sex gland 
contamination. Also in cervids, particular 
care needs to be taken to collect each fraction 
of the ejaculate separately because some of 
the fractions may be toxic to sperm or make 
semen processing difficult, as described 
below. The different fractions of the semen 
collected are as follows. The pre-ejaculate,
which contains seminal fluid, is clear and 
watery, whereas the sperm-rich fraction is 
usually cloudy. Yellow vesicular fluid is 
sometimes seen early in the breeding season. 
This fraction is toxic to sperm and, accord-
ingly, care needs to be taken to exclude it from 
the sperm-rich fraction. If contamination 
from urine or accessory sex glands occurs, 
then the affected fraction should be dis-
carded. A very thick ‘honey like’ fraction is 

sometimes noted in cervids. The origin of this 
fraction is unclear, but it does not seem to 
have any detrimental effect on semen quality; 
however, it does make the evaluation or pro-
cessing of semen more difficult (authors’ per-
sonal observations).

Although EE enables the collection of 
semen from untrained animals very effec-
tively, it also raises some concerns about ani-
mal welfare. Improper techniques, equipment 
and use of high voltages often lead to strong 
muscular spasms, urination and vocalization. 
Confident, sexually active bucks usually do 
not resist entering the collection compound 
and show no signs of aversion to a repetitive 
EE programme (Ball, 1986). In contrast, indi-
viduals with temperament difficulties may 
not adjust to EE and may display signs of 
aversion to repeated treatments. Samanta 
et al. (1990) recorded respiration, pulse rate, 
body temperature and haematological param-
eters in two groups of bucks on which EE was 
used every 3 days and every 7 days for a 
month. No significant difference was noted 
between the groups. Recently, Orihuela et al.
(2009b) showed that the electric stimulus dur-
ing EE increased the heart rate and cortisol 
concentrations in rams, and recommended 
that the use of IM anaesthesia with ketamine 
and xylazine might improve their welfare 
during the procedure (Orihuela et al., 2009a). 
Accordingly, techniques to minimize the 
stress response to EE should be developed for 
practical application.

Many modern probes used for EE have a 
pre-programmable current pattern starting at 
the lowest voltage level and increasing grad-
ually until ejaculation occurs, at which stage 
the current can be stabilized. This allows for 
more control over the unwanted muscular 
reactions of the back and limbs typically seen 
at the voltage required for ejaculation. Probes 
with longitudinally placed electrodes pro-
duce better results than do probes with ring 
electrodes. Sedation or analgesia may be con-
sidered as an option to reduce anxiety and 
discomfort associated with the procedure. 
Similarly, prolonged stimulation of animals 
during EE should be avoided. In short, every 
effort should be aimed at adopting the least 
stressful technique that is efficient enough to 
get the desired results. Semen collection in 
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WTD in a restraining chute and sedated 
pre-collection with haloperidol has been 
reported as an alternative to anaesthesia 
(M.R. Woodbury, personal communication).

Epididymal flushing

Epididymal flushing is an alternative method 
of semen collection usually reserved for post-
mortem sperm recovery from valuable ani-
mals. Although the procedure is quite simple 
and can be performed with minimal equip-
ment, care has to be taken to ensure that the 
testes harvested from the animal are pro-
cessed as soon as possible, as there is a sharp 
decline in the number of viable sperm by 24 h 
post-mortem. Owners sending testes to the 
authors’ laboratory are recommended to do 
so by packaging them in a plastic bag kept 
over ice in a Styrofoam box for insulation. 
The source of post-mortem spermatozoa is 
the cauda epididymis, as the maturation 
stage and fertility of spermatozoa stored 
in this part of the epididymis are similar to 
those of ejaculated spermatozoa. In the labo-
ratory, the testes are cleaned, and the cauda 
epididymis and vas deferens are dissected 
out. Sperm recovery from the cauda epididy-
mides may be accomplished by two methods: 
(i) by cannulating and retrograde flushing 
of the vas deferens with the preferred com-
mercial extender; or (ii) by a flotation tech-
nique in which 10–15 cuts/slashes are made 
horizontally in the distal epididymis and vas 
deferens with a No. 10 scalpel blade. The 
epididymides are placed in a 50 ml conical 
tube or a Petri dish and covered with approxi-
mately 5 ml of the same commercial semen 
extender. The samples are then agitated and 
incubated at room temperature for 10 min. 
The retrograde flushing method is preferred 
for sample collection as this results in recov-
ery of a less contaminated (with blood) sam-
ple and has also proven to be superior when 
the semen is cryopreserved (Martínez-Pastor
et al., 2006). Sperm recovery using the flota-
tion and cutting technique is quicker and 
easier to perform and may be used in certain 
instances where it is difficult to perform the 
retrograde flush.

Semen Handling and Processing

Sperm, though capable of being vigorous and 
motile, are also fragile cells. They can be easily 
damaged by changes in several environmental 
conditions. Of particular importance are expo-
sure to toxic chemicals and thermal stress.

It is important to keep equipment used 
for semen collection clean; however, the use 
of soap and strong disinfectants can prove 
disastrous as these chemicals are potent sper-
micidals. Hot running water is usually suffi-
cient to clean most AV liners but, if the use of 
soap becomes necessary, it should be of a 
non-residual type such as Alconox (Alconox 
Inc., New York). Disinfectant solutions or 
soaps containing disinfectants (e.g. povidone–
iodine or chlorhexidine) may damage sperm-
atozoa. Povidone–iodine concentrations as 
low as 0.05% have been shown to render sperm-
atozoa completely immotile within 1 min of 
contact (Brinsko et al., 1990). Rubber products 
such as AV liners are particularly vulnerable 
to harbouring spermicidal residues, which 
can cause varying degrees of damage to 
sperm. Some kill sperm immediately, some 
slowly. Hence, the damage is not always 
detected under a microscope during semen 
evaluation, but may reflect as a decreased 
pregnancy rate. Rinsing the rubber liner with 
tap water and then keeping it immersed in an 
alcohol bath (70% isopropyl alcohol) is usu-
ally sufficient to get rid of most debris. 
Sometimes, it may be worthwhile to rinse off 
the liners and other equipment with deion-
ized water. The liner is then hung in a cabinet 
for drying. Gas sterilization with ethylene 
oxide can be used, provided that the liners 
are allowed to air for 48–72 h before use. 
Irrespective of the method of collection, all 
storage vessels, dilution solutions, glassware 
and pipettes that come into contact with 
semen should be warmed to 37°C to prevent 
cold shock, which will kill sperm and reduce 
motility estimates. Equipment can be warmed 
on a slide warmer or kept in an incubator until 
just immediately before usage. A heated micro-
scope stage is an invaluable tool while observ-
ing wet mounts. When the weather is cool, 
the manipulation and evaluation of semen 
should be done in a controlled environment to 
avoid the effects of cold shock. Some possible 
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sites for the microscope and the other labo-
ratory equipment needed include a heated 
office or shed, a pickup cab, the back seat of a 
car or a mobile trailer. To prevent contamina-
tion or compromised sperm quality, it is best 
to use disposable plastic tubes, syringes and 
pipettes.

Semen Evaluation

Semen evaluation should be done immedi-
ately after collection. Semen colour, odour 
and appearance should not be ignored as 
these may provide valuable information. 
In small ruminants and cervids, semen sam-
ples are usually very concentrated owing to 
the small volume that is ejaculated (0.5–2 ml). 
The semen is usually creamier and thicker 
in highly concentrated samples. Dilute low-
concentration samples may look watery and 
grey. Occasionally, the semen sample may get 
contaminated with urine, which can give it 
a characteristic odour. Contamination with 
urine can kill spermatozoa. Haemospermia 
may cause the semen to appear pink or red in 
colour, whereas seminal vesciculitis can result 
in flocculent clumps of purulent material.

A microscopic examination should be 
performed to assess sperm motility, morphol-
ogy and to look for the presence of white 
blood cells. White blood cells indicate infec-
tion, often by B. ovis, which causes epididymi-
tis in older rams. In young virgin rams, white 
blood cells (WBCs) often indicate infection 
with Actinobacillus spp. or Histophilus spp. 
A ram with >10 WBCs per 20× field and no 
palpable lesions should be considered for 
testing and re-evaluated. If B. ovis is indicated 
in a mature ram, the animal should be tested 
and culled if found positive. Other conditions 
that can reduce fertility and can be detected 
by the presence of WBCs are caseous lym-
phadenitis and spermatic granulomata.

Motility

As done routinely, sperm motility is a very 
subjective measurement and is affected by 
many things, such as the diluent, equipment 

(glassware, pipettes, etc.), prostatic fluid, 
seminal pH and ion composition and, most 
importantly, by temperature. Care must be 
taken to keep all equipment coming into con-
tact with semen at 37°C to prevent cold shock, 
which will kill sperm or reduce motility esti-
mates. Although it is possible to effectively 
evaluate sperm motility by using bright-field
microscopy, it is preferable to use phase con-
trast microscopy and to employ a thermo-
controlled heating stage to reduce the chances 
of sperm cold shock. The semen sample 
collected is usually evaluated for gross and 
individual sperm motility. A small (~10 ml)
drop of fresh, undiluted semen is placed on 
a pre-warmed (37° C) glass slide without a 
coverslip, and wave motion is observed using 
a 10× phase contrast objective (magnification ×
100). An estimate of the vigour of the wave 
motion is graded as follows: very good (++++, 
vigorous swirls), good (+++, slow swirls), fair 
(++, no swirls, but generalized oscillation) or 
poor (+, sporadic swirls) (Memon et al., 2007).

Progressive motility of individual sperm-
atozoa may be evaluated by diluting a fresh 
drop of raw semen with a drop of pre-warmed
phosphate-buffered saline or 2.9% sodium 
citrate solution (pH 7.4). A small drop of this 
diluted semen is then examined under a 40× 
phase contrast objective (magnification ×400) 
using a coverslip. It is common practice to 
observe at least five different fields randomly 
in order to be able to subjectively evaluate the 
number of progressively motile spermatozoa 
(to the nearest 5%) in each field. Progressive 
motility in bucks ranges from 70 to 90% (aver-
age 80%). Rams should have more than 30% 
progressively motile cells for a ‘satisfactory’ 
rating and more than 70% for an ‘exceptional’ 
rating (Bulgin, 1992; Kimberling and Parsons, 
2007). Sperm subjected to cold or chemical 
shock may often exhibit circular or reverse 
motion. However, reverse motion may also 
be observed in sperm that have a high per-
centage of midpiece abnormalities. Motility 
can be depressed outside the breeding sea-
son. Similar values are used by the authors 
for evaluation of cervid semen.

Subjective assessment of sperm motility 
by standard microscopy can be highly vari-
able, even among highly trained personnel. 
In an attempt to eliminate these variations, 
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many objective techniques for evaluating 
sperm motility have been developed; these 
include computerized analysis, time-lapse
photomicrography, frame-by frame playback 
videomicrography and spectrophotometry. 
CASA analyses the movement of a large 
number of sperm and, from this, determines a 
number of parameters, including the percent-
age of motile sperm, percentage of progres-
sively motile sperm, amplitude of lateral 
head displacement, average path velocity 
and curvilinear velocity. CASA thus provides 
a rapid, precise and validated objective sperm 
motion characteristic (Holt and Palomo, 
1996), and measurements can be more closely 
related to fertility than are subjective motility 
measurements (Farrell et al., 1998). This tech-
nique has been applied to the study of short-
term (Joshi et al., 2001) and long-term
preservation of ram spermatozoa (Edward 
et al., 1995; Bag et al., 2002a,b; Joshi et al.,
2005, 2008). For example, in a recent study, 
CASA-derived sperm motion characteristics 
revealed that the semen quality of native 
Malpura rams was superior to that of cross-
bred Bharat Merino rams during a major 
breeding season in a semi-arid tropical cli-
mate (Kumar et al., 2010). In cervids, CASA 
systems have been used to analyse sperm 
motility parameters, and it has been possible 
to identify subpopulations defined by motil-
ity patterns, and their changes under differ-
ent circumstances (Martínez-Pastor et al.,
2005a,b). In a recent study, four well-defined
sperm subpopulations could be identified by 
CASA in Florida goat buck ejaculates, show-
ing that the spermatozoa of each buck had 
different motility patterns (Dorado et al., 2010).

The main disadvantage of using these 
sophisticated systems lies in the equipment 
and cost, thereby limiting the use of these 
techniques to universities, research laborato-
ries or commercial studs. Subjective assess-
ment still remains common practice for 
evaluating semen motility in the field.

Morphology

The assessment of sperm morphology is 
probably the most useful and important 
aspect of the semen examination. The goal of 

evaluating sperm morphology is not only to 
identify normal or abnormal sperm, but to 
also place these abnormalities into different 
categories. Sperm morphology can be 
assessed by diluting the semen sample with a 
fixative, such as buffered formalin, in order to 
render the spermatozoa non-motile, while 
maintaining their essential structures. The 
idea is to get a sample of non-motile sperm-
atozoa that are sufficiently separated and 
spread across the microscopic field so as to 
enable their proper visualization and evalua-
tion. These samples may then be evaluated by 
directly placing a drop of unstained semen on 
a glass slide with a coverslip on and observing 
with high-power (either 40× or, preferably, 
100×) phase contrast or differential inter-
ference contrast microscopy microscope.

Evaluation of sperm morphology on a 
wet mount of fixed cells viewed by phase 
contrast or differential interference contrast 
microscopy eliminates artefacts seen in 
stained smears (Ball et al., 1971), such as distal 
midpiece reflexes, which can be caused by 
incorrect osmolality of the stain. These types 
of microscopes are seldom available to veteri-
nary practitioners, and in that case, samples 
can also be observed with a bright-field
microscope, provided that they are stained 
with an appropriate stain that assists in view-
ing individual sperm. Eosin–nigrosin is prob-
ably the most commonly used stain as it 
allows assessment of the morphology as well 
as the membrane integrity of spermatozoa. 
The nigrosin stain produces a dark back-
ground on which the sperm stand out as 
lightly coloured objects. Normal live sperm 
exclude the eosin stain and appear white in 
colour, whereas ‘dead’ sperm (i.e. those with 
loss of membrane integrity) take up eosin and 
appear pinkish in colour. Toluidine blue is 
another stain that can be used for staining 
spermatozoa; however, the staining process 
is more difficult and time-consuming than 
with eosin–nigrosin. For the latter, a drop of 
diluted semen is placed on a warmed micro-
scope slide (at 37°C) and mixed with a drop 
of the eosin–nigrosin stain. Then a thin smear 
of the mixture is drawn across the slide, and 
the slide is air dried. A coverslip is applied to 
the preparation and sample is examined at 
either 40× or 100×, with the latter requiring 
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an oil immersion objective. Typically 100–200 
spermatozoa are counted and classified as 
normal, having primary abnormalities or sec-
ondary abnormalities.

Primary abnormalities are considered to 
be those that occur during spermatogenesis, 
hence originating in the testis, and secondary 
abnormalities as being due to incomplete 
sperm maturation or to environmental and 
handling effects during collection and process-
ing of the semen sample. Defects of the head 
and midpiece are usually classified as primary 
(proximal droplets, midpiece defects, tightly 
coiled or strongly folded tails, severe head 
abnormalities), while those associated with the 
tail are regarded as secondary (distal droplets, 
simple bent tails, tailless sperm, presence of 
the acrosomal reaction, bodies other than sperm-
atozoa – such as red blood cells, white blood 
cells, bacteria, squamous epithelial cells or 
spermatozoal clumps). Rams should have at 
least 70% normal spermatozoa to be classified 
as satisfactory potential breeders, or more than 
80–90% to be classified as exceptional. Bucks, 
in contrast, should have at least 80% normal 
cells to be classified as satisfactory breeders, 
and animals with lower values may require 
re-evaluation after 8 weeks rest, or need to 
be culled.

Sperm morphology can be influenced by 
age, season and diseases of the reproductive 
tract and should, therefore, be interpreted 
after taking these factors into consideration. If 
collections are made during the summer, the 
percentage of abnormalities can be expected 
to be higher. Rams exposed to moderate heat 
can show a marginal degree of abnormal 
sperm morphology, which is closely associ-
ated with a poor conception rate and high 
incidence of early embryonic death (Rathore, 
1968). Skalet et al. (1988) demonstrated in one 
study that young Nubian bucks had 65% of 
abnormal sperm at the onset of puberty, 
which decreased to 12% by 8 months of age, 
with only midpiece abnormalities being com-
mon. Dead sperm have been observed to be 
more common in the semen of young bucks 
in spring and summer than in autumn and 
winter (Ahmad and Noakes, 1996b). In older 
bucks, it has been observed that season does 
not influence sperm abnormalities, as shown 
in a study on bucks of native breeds in India 

(Sahni and Roy, 1972). A significantly lower 
fertilizing ability and increase in sperm 
abnormalities in ejaculates collected in the 
spring has been reported for ram semen 
used in artificial insemination (AI), although 
motility of the spermatozoa was not impaired 
(Colas and Courot, 1977). Elk and red deer 
have a high percentage of abnormal cells in 
July and August in the northern hemisphere, 
but by the beginning of September they 
usually start having a higher proportion of 
normal sperm. At the beginning of the breed-
ing season, a higher percentage of secondary 
abnormalities can be seen in the semen sam-
ple and, similarly, individual males will 
display a higher percentage of secondary 
abnormalities towards the end of the breed-
ing season as well. In some instances, an 
excess of 50% or more sperm in one ejaculate 
can show distal droplets before the cessation 
of viable sperm production (Bringans et al.,
2007). WTD will typically produce good-
quality semen after achieving hard antler 
status and up to 2 weeks or so after antler 
shedding, but these findings may vary 
between individual bucks (authors’ personal 
observations).

Semen quality and morphology can also 
be affected by various infections and disease 
conditions. The most common morphological 
changes of sperm associated with B. ovis
infection in rams are detached heads and 
bent tails (Cameron and Lauerman, 1976). 
Infection in red deer stags is associated with 
detached heads as well, and also with a sig-
nificant reduction in sperm motility (Ridler 
and West, 2002). Detached heads, tightly 
coiled tails and thickened midpieces were 
prominent in semen samples from an 
18-month-old infertile LaMancha buck with 
testicular degeneration (Refsal et al., 1983); 
detached heads (70% of the spermatozoa) 
were also observed in the semen of a Nubian 
buck with histologically diagnosed seminal 
vesciculitis (Ahmad et al., 1993).

Acrosomal staining

The acrosome reaction of mammalian sperm-
atozoa is an essential contributor to fertilization 
because only acrosome-reacted spermatozoa 
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can penetrate the zona pellucida and fuse with 
an oocyte. This event is an exocytotic reaction 
that involves multiple sites of fusion between 
the sperm plasma membrane and the outer 
acrosomal membrane, with subsequent vesic-
ulation and release of the acrosomal contents 
(reviewed by Yanagimachi, 1994). Sperm that 
have undergone an acrosomal reaction are no 
longer able to participate in fertilization, and 
hence visualization of sperm acrosome integ-
rity may be beneficial in the evaluation of 
semen quality, as male infertility could be 
caused by a lack of sperm with intact acrosomes 
at ejaculation. The most accurate method of 
assessing acrosomal status is transmission 
electron microscopy (TEM), but because of the 
time and expense required to conduct this 
assay, other methods such as the use of specific 
acrosomal stains and light microscopy have 
been used in different species (Cross and 
Meizel, 1989). The integrity of the acrosomal 
membrane can be assayed by fluorescence 
microscopy using fluorochrome-labelled lec-
tins, e.g. pea or peanut agglutinins that bind to 
acrosomal contents.

In vitro, the acrosome reaction can be 
induced by incubating spermatozoa with the 
calcium ionophore A23187 (Zhang et al., 1991), 
or with physiological inducers such as the zona 
pellucida (Ellington et al., 1993), follicular fluid 
(Tarlatzis et al., 1993) or progesterone (Meyers 
et al., 1995). Although chlortetracycline (CTC) 
fluorescence can be used to differentiate 
acrosome-intact from acrosome-reacted sperm-
atozoa, the most commonly used fluorescent 
probes are fluorescein isothiocyanate (FITC, 
green fluorescent fluorophore) conjugated pea-
nut agglutinin (FITC–PNA) or FITC-conjugated 
Pisum sativum agglutinin (FITC–PSA), which 
offer the advantage over CTC that they can be 
analysed by flow cytometry. These indicators 
of acrosomal status are usually combined with 
a viability probe, such as propidium iodide 
(PI), so that four groups of spermatozoa can 
be identified: live acrosome intact, live acro-
some reacted, dead acrosome intact and dead 
acrosome reacted. In rams, FITC–RCA (Ricinus 
communis agglutinin)–lectin binding has been 
demonstrated to be a simple, reliable and useful 
method for assessing the acrosomal status of 
fresh ram spermatozoa in suspension; the acro-
somal status of unfixed ram spermatozoa can 

be assessed by this method (Martí et al., 2000). 
Using Trypan blue in a modified triple-stain 
technique (TST), it has been possible to evalu-
ate sperm viability and acrosomal status in 
fixed deer spermatozoa, and this process helps 
in differentiating spermatozoa that have under-
gone a true acrosome reaction from those that 
have undergone a false acrosome reaction 
(Garde et al., 1997).

Sperm concentration

The sperm concentration of ram or buck 
semen can be determined by haemocytomet-
ric techniques or by the measurement of opti-
cal density after calibrating the instruments 
for a particular species.

The haemocytometer technique, while 
time-consuming, is probably the most com-
monly used technique for counting sperm 
numbers. This technique offers a direct visuali-
zation of sperm and requires minimal equip-
ment. For routine haemocytometer counting 
of sperm, the platelet/white blood cell 
Unopette system (Becton-Dickinson, Franklin 
Lakes, New Jersey) with 20 ml capillary 
pipettes can be used if available. The capillary 
pipette is filled with semen, which is trans-
ferred to the Unopette (providing a 1:100 
dilution). After thorough mixing, both sides 
of the coverslipped haemocytometer cham-
ber are loaded, and a few minutes are allowed 
for sperm to settle on the haemocytometer 
grid. The central grid is identified under the 
microscope (20× objective). The central grid 
is a 5 × 5 arrangement of squares, with each 
square subsequently divided into 4 × 4 
smaller squares. Sperm within all 25 squares 
that form the central grid are counted. The 
count is then repeated on the second cham-
ber, and the mean represents the number of 
sperm in the original raw semen sample in 
millions/ml.

The CASA technique can also be utilized 
for determining sperm concentration using 
chambers of a known volume and depth. The 
software can then calculate the total sperm, 
dilution volume and dose volume for prepar-
ing semen for AI provided that it is calibrated 
for that particular species.
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Several photometers, such as the SDM 6 
and SDM 1 (Minitüb, Germany), are available 
with preloaded programs for analysing small 
ruminant semen. Though relatively expen-
sive, these offer the advantage of accurate 
measurement of live sperm concentration, as 
well as providing calculations of the extender 
volume required and the number of doses.

The NucleoCounter® SP-100® (Chemo-
Metec A/S, Denmark) is a relatively newer 
technique available for estimating ovine 
and cervid semen. It involves diluting semen 
samples into a detergent solution and load-
ing into specially designed SP-1 cassettes 
containing a microfluid network. The chan-
nels in the microfluid network also contain 
PI, which intercalates with DNA and stains 
the nuclei of the spermatozoa. The inte-
grated fluorescence microscope within the 
NucleoCounter® detects the fluorescent sig-
nal from each sperm nucleus, and the auto-
mated semen analysis software, SemenView®,
converts this information into a value for 
sperm concentration.

Electron microscopy

TEM is useful for detecting subtle lesions of 
the plasma membrane, acrosome, nuclear 
chromatin, mitochondria or axoneme in cases 
of unexplained infertility.

Fertility

Service capacity testing

Reproductive performance in rams is highly 
variable, so the selection of high-performance
rams is greatly desired as it can improve the 
flock fertility, especially when breeding inten-
sity is great (Stellflug et al., 2006). To identify 
these high-performance rams it is greatly 
beneficial to perform service capacity tests. 
These tests are the most reliable predictor 
of the adequacy of libido in an individual 
animal. In a service capacity test, rams are 
exposed to oestrous ewes for a specified time 
period and their subsequent breeding activity 
is recorded over a period of 2 weeks or more. 

Individual rams can be placed with 2–4 
cycling, unrestrained ewes for a period of 
20–40 min and their sexual activity can be 
recorded with an emphasis on the number of 
mating attempts. Selection of high-performing 
rams will result in higher lambing percent-
ages and greater numbers of live-born lambs 
per exposed ewe. Service capacity testing 
may also help in determining proper ram to 
ewe ratios, as well as in producing a shorter, 
more uniform lambing season. It appears 
that rams born co-twin to male siblings 
have higher service capacities than those 
born co-twin to females (Yarney and Sanford, 
1993). Usually, adult rams achieving 4–6 or 
more matings within 30 min are desirable, 
although those achieving 2–3 matings may 
still be acceptable.

Any ram that appears to be sexually 
inactive may be tested by leaving it in the pen 
overnight with ewes that have different col-
ours painted on their rumps. The ram should 
be examined the next day for signs of paint on 
its chest. A multitude of factors can influence 
an individual service capacity test, such as 
unfamiliarity with test pens and oestrous 
ewes (Zenchak and Anderson, 1980). A study 
by Stellflug and Berardinelli (2002) shows 
that six 30 min individual-ram performance 
tests were required to obtain 95% reliability 
for serving capacity test scores. Hence, indi-
vidual serving capacity tests (ISCT) may 
sometimes be time-consuming and laborious. 
A cohort serving capacity test (COSCT), 
which includes multiple males competing for 
oestrous ewes may be an alternative, as it will 
result in a more efficient use of time. As rams 
remain with other cohorts, separation anxiety 
is minimal and competition among rams 
helps to separate high-performance rams 
from the lower performing animals. A single 
three-ram, 30 min COSCT is a reliable and 
efficient alternative to a series of ISCTs for 
characterizing sexual activity in rams, and 
the use of multiple cohort tests can provide 
some protection against the unnecessary cul-
ling of highly sexually active rams (Stellflug 
et al., 2008).

A ram with good-quality semen, ade-
quate testicular size, and good libido can 
breed 100 ewes in a 17 day breeding season 
(Fitzgerald and Perkins, 1991; Kimberling 
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and Parsons, 2007). Most producers in North 
America use 3–3.5 rams per 100 ewes. 
Yearlings and mature rams can be expected to 
service 35–50 ewes; whereas ram lambs 
should be expected to service only 15–25 
ewes (Edmondson et al., 2012). Adjustments 
should be made for multiple sire breeding 
units. It is desirable to always have more than 
three rams in a multiple sire unit, because this 
tends to alleviate some of the territorial fight-
ing among rams (Edmondson et al., 2012). 
Mature fertile wapiti and red deer male can 
service 25–50 females, and young males (1.5–2.5 
years old) may service 10–20 females (Haigh 
and Hudson, 1993). Young (1.5 years old) 
WTD bucks may service 5–10 females, while 
mature (2.5 years or older) may service 10–20 
females. Because cervids are very seasonal in 
their breeding patterns and WTD bucks ‘tend’ 
does that are in oestrus, a tightly synchron-
ized breeding group may lead to decreased 
first service conception rates and a strung-out
calving/fawning season (authors’ personal 
observations).

Seasonality

Seasonality is a circannual (approximately 
yearly) phenomenon encountered in small 
ruminants and cervids, which is character-
ized by large seasonal variations in sexual 
behaviour, testicular and antler size, and 
growth, as well as quantitative and qualita-
tive changes in the sperm output. Seasonal 
reproductive activity is regulated by an 
endogenous hormonal rhythm, synchronized 
by environmental stimuli, with photoperiod 
playing the most important role (Zarazaga 
et al., 2010). In small ruminants and cervids, 
decreasing day length stimulates the onset of 
reproductive activity by increasing the secre-
tion of melatonin from the pineal gland. 
In contrast, the end of the breeding season 
is thought to occur as a result of refractori-
ness that develops to the previously stimula-
tory short days (Lincoln, 1980). Melatonin 
pulses during shorter day length are longer 
with higher amplitude, but during the 
summer, release of melatonin is negligible. 
This increased frequency and amplitude of 

melatonin secretion in turn leads to the acti-
vation of the hypothalamo–pituitary–gonadal 
axis, resulting in increased testosterone pro-
duction, spermatogenesis and display of 
mating behaviour (rut). Melatonin has also 
been proven to be involved in the regula-
tion of semen quality and the antioxidant 
enzyme activity that affects the reproduc-
tive performance of rams, as seasonal varia-
tions of fertility in the ram involve interplay 
between melatonin and the antioxidant 
defence system (Casao et al., 2010). Prolactin 
also plays a major role in testicular recrudes-
cence (Sanford and Dickson, 2008), as well as 
in androgen production, and in seasonal 
breeders such as rams, has been shown to 
facilitate the central activation of gonadotro-
phin secretion. Studies inducing hypopro-
lactinaemia in rams have been shown to 
diminish testosterone secretion by the devel-
oping (Lincoln et al., 2001; Sanford and Dickson, 
2008) and redeveloped (Regisford and Katz, 
1993) testes.

Sheep and goat breeds originating from 
temperate climates display a distinct sea-
sonal pattern, with males showing dramatic 
changes in sexual behaviour, testicular weight 
and qualitative and quantitative sperm 
production, coincident with decreasing 
day length. The testis weight in the adult 
Ile-de-France ram varied from 180–190 g in the 
late winter–early spring to 300–320 g in late 
summer and autumn (Ortavant et al., 1988). 
The increase in testis weight started before 
the beginning of summer and its regression 
began before winter in rams not trained for 
mating. Furthermore, the quality of semen 
(indicated by the percentage of normal sperm-
atozoa) and its fertility were lower in spring 
than in autumn. Similar tendencies have 
been observed in many other breeds, even if 
there were variations between them or 
between individuals within a breed. Dorset, 
Rambouillet and Finn sheep are generally 
considered to be less seasonal than other 
breeds, while Suffolk, Hampshire and 
Columbia breed sheep generally are poor 
out-of-season breeders.

Seasonality patterns in goats are similar 
to those in sheep. Breeds such as the Saanen 
and Alpine show the highest levels of serum 
testosterone and maximal testicular weight 
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during the months of late summer and early 
autumn, with the lowest values recorded in 
winter and spring. Seasonality in breeds 
originating from the tropics may not be as 
pronounced as in those originating from tem-
perate climates. Damascus bucks produce the 
best quality semen during increasing day-
light in the summer and spring, which coin-
cides with their breeding season in native 
Jordan (Al-Ghalban et al., 2004). In contrast, 
West African Dwarf (Bitto and Egbunike, 
2006) and Creole bucks (Delgadillo et al.,
1999) in their natural environment do not dis-
play seasonality and are capable of producing 
viable spermatozoa throughout the year. 
Besides photoperiod, the nutritional plane 
can affect testicular development and the pro-
duction of spermatozoa. In genotypes that 
are highly responsive to photoperiod, such as 
the Suffolk, nutritional stimuli can reinforce 
the response to changes in day length, but 
photoperiod is the completely dominant fac-
tor, and will override nutritional signals to 
the point where animals can be losing weight 
at the same time as gaining testicular mass 
(and vice versa). In contrast, Merino rams 
respond to photoperiod, but their reproduc-
tive system is dominated by nutrition to the 
point where animals can be losing testicular 
mass at the onset of the breeding season when 
photoperiod would otherwise be driving the 
testes to grow (Martin et al., 1999, 2002; Hötzel 
et al., 2003). In temperate breeds maintained 
under environmental conditions similar to 
those from which they originate, intra-breed 
variability also exists. Some reproductive 
traits, such as the onset, offset and duration of 
the breeding season have a hereditary basis 
and can therefore be used for genetic selection 
(Quirke et al., 1986; Hanrahan, 1987; Smith 
et al., 1992; Al-Shorepy and Notter, 1997).

Efforts to control the initiation of the 
reproductive cycle in small ruminants have 
received much interest. Of these, photoperi-
odic variation and melatonin treatments have 
been found to be most effective. These meth-
ods allow semen collection throughout the 
year instead of just being confined to the 
6 month breeding season. Artificial reversal 
of the annual rhythm of photoperiodic varia-
tions induces reversal of the periods of recru-
descence and regression of testicular size and 

sperm production in rams, with the alterna-
tion of 3- or 4-month periods of constant 
long (16h light–8h dark) and constant short 
(8h light–16h dark) days seen to induce tes-
ticular growth (Lincoln and Davidson, 1977). 
In Alpine and Saanen bucks kept in a light-
proof building and subjected to 1 month of 
long days (16 h light/day) and 1 month of 
short days (8 h light/day), testicular weight 
increased progressively 5 months after the 
beginning of the study. Similarly, fresh semen 
quality, as well as the fertility of frozen semen, 
were comparable to values obtained normally 
in the natural sexual season in control ani-
mals (Delgadillo et al., 1991, 1992; Chemineau 
et al., 1999). Treatment with exogenous mela-
tonin mimicking the effect of short days gen-
erally stimulates reproductive activity in 
short-day breeders. In rams and bucks under-
going melatonin treatment, it is advisable 
before the insertion of implants to impose a 
light treatment composed of real long days or 
long days mimicked by 1 h of extra light dur-
ing the photosensitive phase (Chemineau et al.,
1996). Combined treatment of photoperiod 
variation and melatonin has been shown to 
be more efficient in the induction and mainten-
ance of out-of-season sexual activity than a 
succession of long days alone (Zarazaga 
et al., 2010).

Seasonality in cervids from temperate 
climates follows the same pattern as that in 
rams and bucks, and shows marked annual 
cycles of testicular involution and recrudes-
cence, including the transition between 
totally arrested and highly active spermato-
genesis (Asher et al., 1999). The family 
Cervidae represents close to 40 species and 
200 subspecies, and due to their wide geo-
graphical distribution, no single species can 
be considered to represent a ‘typical’ deer in 
terms of reproductive function. Besides the 
annual cycle of testicular regression and 
recrudescence, the gonadal hormones also 
influence the development of secondary sex-
ual characteristics, such as a long neck mane, 
an enlarged neck and especially the regrowth 
of antlers. In addition to the gonadotrophins, 
prolactin has been shown to modulate the 
spermatogenic and the steroidogenic func-
tion in testes of seasonally breeding cervids 
such as red deer (Jabbour et al., 1998).
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Temperate species such as wapiti (Cervus 
canadensis) and red deer (C. elaphus) stags start 
showing a marked increase in GnRH output 
around the summer solstice, and 2 months 
later have markedly high serum LH levels 
(Haigh, 2007). This stimulates testosterone 
production, and levels reach a peak around 
the autumnal equinox, corresponding to vel-
vet shedding and antler cleaning. Testosterone 
levels, scrotal circumference and percentage 
of normal sperm increase sharply, reaching a 
peak just before the rut itself. Within a month 
of the autumnal equinox, testosterone drops 
to a baseline level, where it stays for the rest of 
winter. In red deer and wapiti, a second, sub-
tle and transient elevation in serum testoster-
one may be seen following the winter solstice 
(Fennessy et al., 1988). This is seen especially 
in well-nourished males, and can be accompa-
nied by rutting behaviour. Similar changes 
have been reported for other species of cer-
vids as well (Giménez et al., 1975). Fallow deer 
(Dama dama) also exhibit a highly seasonal 
pattern of reproduction, with the rut (peak of 
mating activity) occurring in October/
November in the northern hemisphere and in 
April/May in the southern hemisphere. 
Efforts to advance the breeding season in this 
species by administering melatonin implants 
have shown that rutting activity, testis devel-
opment and neck muscle hypertrophy can be 
advanced by as much as 6–8 weeks (Asher and 
Peterson, 1991).

In contrast tropical and subtropical cer-
vids may or may not display the pronounced 
seasonality observed in the temperate species, 
as their reproductive cycles may be governed 
by the pattern of annual rainfall. Eld’s deer 
(C. eldi thamin) a subtropical species native to 
eastern India and southern China, begins 
with pituitary activation during autumn and 
winter. Peak testis size, testosterone secretion, 

rutting behaviour and maximal sperm pro-
duction in this species occur during winter 
and spring, as day lengths increase (Monfort 
et al., 1993). However, despite seasonal phase 
differences, the interactive dynamics of the 
pituitary–gonadal axis in Eld’s deer is remark-
ably similar to that in red deer stags and fal-
low deer bucks.

Certain species, such as the male munt-
jacs (Muntiacus spp.), despite demonstrating 
an annual antler cycle, do not exhibit ‘annual 
puberty’, and remain fertile throughout the 
year. Despite low concentrations of testoster-
one from early May to early August, muntjacs 
are capable of producing fertile spermatozoa, 
although in lower numbers, unlike deer from 
the temperate regions (Pei et al., 2009). Studies 
performed in Texas on the spotted deer or chi-
tal (Axis axis), also indicate that, while sea-
sonal changes in testis sperm content, 
morphology and antler pattern do occur in 
the stag, these changes are less pronounced 
than in more temperate species of cervids, and 
the stags are able to maintain testicular func-
tion throughout the year, regardless of antler 
status (Willard and Randel, 2002). This is in 
agreement with studies performed later in 
India, which confirmed that spotted deer have 
a physiological breeding season in the months 
of March–May and when the stags are in hard 
antler (Umapathy et al., 2007). Staggered ant-
ler patterns have been observed in many spe-
cies of deer, both temperate and subtropical, 
such as the sika deer (C. nippon), red deer and 
spotted deer (Raman, 1998). Juvenile males 
have been observed to come into hard antler 
associated with a peak of testosterone level 
and sexual activity a few months later than 
adults of the same species. This phenomenon 
may be a natural strategy to avoid intra-sexual 
conflict among males, and may apply in areas 
that have a high density of males.
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Stallion Reproductive Evaluation

Reproductive evaluation of the stallion 
attempts to provide an estimate of a stallion’s 
future fertility based on evaluation of history, 
physical examination, semen evaluation and 
other diagnostic procedures. Many other fac-
tors, such as management, have a large impact 
on stallion fertility, and the fertility of a stallion 
may change over time. Therefore, the repro-
ductive evaluation is in many cases an attempt 
to provide an estimate of a stallion’s potential 
fertility and should not be interpreted as 
an absolute measure of a particular stallion’s 
fertility. The typical reproductive evaluation – 
or breeding soundness evaluation (BSE) – is 
composed of the following components:

• history;
• general physical examination, including 

examination of the external and internal 
genitalia;

• evaluation of libido and mating behaviour;
• semen collection and evaluation; and
• ancillary diagnostic procedures.

All of the components in the list above are 
covered in the first part of this chapter. The 
second part of the chapter is devoted to other 

Introduction

Reproductive evaluation of the stallion is a 
reasonably common procedure in equine 
veterinary practice, and the techniques to 
evaluate potential fertility of the stallion 
have improved considerably over the past 
several years. The evaluation typically 
includes physical examination, semen col-
lection and evaluation, examination of the 
internal and external genitalia, and some 
evaluation of mating behaviour and libido. 
Ancillary diagnostic tests, such as endos-
copy or ultrasonography of the reproductive 
tract may be used to provide additional 
information. Genetic testing, endocrine eval-
uation and diagnostic testing for specific 
infectious diseases are increasingly common 
as part of reproductive evaluation of the 
stallion. Ultimately, however, the evaluation 
of the stallion can only provide an estimate 
of stallion fertility. In many cases, reproduc-
tive evaluation is more effective in determin-
ing potential sub-fertile stallions than in 
accurately identifying future stallion fertil-
ity, which may be influenced by a number of 
factors that are not considered as part of the 
routine reproductive evaluation.
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specific topics in andrology that are related to 
a stallion’s breeding soundness, and expand 
on some of the subjects covered in the first 
half. These include the following: oxidative 
stress in normal and abnormal functioning 
of equine spermatozoa; endocrinological 
evaluation of prospective and active breeding 
stallions; testicular biopsy; diseases of the 
scrotum and testis; diseases of the scrotum, 
tunica vaginalis and spermatic cord; diseases 
of the excurrent duct system; diseases of the 
accessory sex glands; diseases of the penis 
and prepuce; behavioural dysfunction; and 
ejaculatory dysfunction.

History

A detailed history is one of the most important 
aspects of the BSE but may be difficult to 
obtain. On many occasions, the owner or agent 
may not have direct knowledge of the stal-
lion’s past use or fertility and, in some cases, 
may be unwilling to provide a detailed history. 
It is also important to be aware of the reason 
for the evaluation being made. Emphasis on 
different portions of the examination may dif-
fer between a stallion that is being evaluated 
for infertility and one on which a pre-purchase 
examination is being made.

It is important that the clinician positively 
identifies the stallion that is examined. In 
addition to the signalment (recording of pecu-
liar, appropriate, or characteristic marks), this 
should include lip tattoos, photographs, and 
markings or scars or microchip numbers. 
These should become part of the permanent 
record that is kept with each BSE. It may 
become important later to be able to refer to 
the record and positively identify the stallion 
that was examined on a particular date.

The history should include prior and 
intended future use of the stallion, as well as 
establishing previous ownership. The owner 
or agent may be able to provide little useful 
information if the stallion has recently been 
acquired. General health should be queried, 
including past illnesses or injuries, previous or 
current medication, type of housing, feeding 
programme and routine health maintenance. 
Therapy with steroids or gonadotrophins is of 
particular concern.

The history should attempt to detail past 
breeding performance of the stallion. This 
should include the number of years at stud, 
size of the stallion’s book, frequency of use, 
type of breeding management (natural cover 
versus artificial insemination), and the date 
the stallion was last bred or semen was col-
lected. If the stallion has been used for breed-
ing, the history should elicit breeding shed 
behaviour and management techniques that 
may influence libido. If possible, fertility 
should be expressed as services per concep-
tion (Kenney et al., 1971), or as per cycle con-
ception rate (calculated as the number of 
mares that were detected pregnant/number 
of cycles mated or inseminated) (Love, 2003). 
The detected incidence of embryonic or fetal 
loss should be recorded as well, along with 
any other unusual occurrences, such as the 
number of mares noted with endometritis or 
shortened oestrus cycles after mating. The 
distribution of the stallion’s book (maiden 
versus foaling versus barren) should also 
be noted. Reproductive management of the 
mare band, such as teasing method, ovulation 
detection, hormonal therapy, vaccination pro-
gramme and method of pregnancy detection 
should be discussed. The status of the stallion 
relative to equine infectious anaemia, equine 
viral arteritis and contagious equine metritis 
(CEM) should be noted. The incidence of pos-
sible genetic defects, such as cryptorchidism 
or parrot mouth, in the stallion’s progeny 
should also be recorded (Kenney et al., 1983).

Physical Examination of the Stallion

A general physical examination should be 
included in the routine BSE of the stallion. The 
purpose of this examination is to identify 
defects that might possibly be of genetic origin 
and that will adversely affect the ability of the 
stallion to serve. In particular, the visual, car-
diopulmonary and locomotor systems should 
receive special attention in the stallion.

Evaluation of the penis, prepuce and ure-
thral process should be done when the stal-
lion’s penis is first washed for semen collection. 
The relative size of the erect penis should be 
assessed. The skin of the penis and prepuce 
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should be carefully examined for lesions such 
as habronemiasis or neoplasia (e.g. squamous 
cell carcinoma), and for scars indicating prior 
trauma or infection with equine herpesvirus 3 
(which causes coital exanthema). The fossa 
glandis surrounding the urethral process 
should be examined for accumulations of 
smegma ‘bean’.

Evaluation of the scrotum and testes is 
best conducted after semen collection when 
the stallion is usually more tractable. The 
scrotal skin should be thin and pliable. The 
number, size, orientation and consistency 
of both testes should be noted. The stallion’s 
testes normally are positioned horizontally 
within the scrotum with the tail of the 
epididymis oriented caudally. The length, 
width and height of each testis should be 
measured. The testes should be roughly sym-
metrical in size and consistency. They should 
not be overly firm or soft (the normal consist-
ency approximates that of the fleshy portion 
of the hand at the base of the thumb with the 
thumb extended). The testes should be free 
within the scrotum (Plate 19). The epididymis 
originates at the head located on the cranio-
dorso-lateral pole of the testis and continues 
along the dorso-lateral aspect of the testis as 
the thin body. The epididymis terminates 
caudally as the prominent tail. A remnant of 
the gubernaculum, known as the scrotal liga-
ment, can often be palpated as a firm struc-
ture attached to the tail of the epididymis of 
the stallion. The spermatic cord should be 
examined from its origin at the cranio-dorsal 
pole of the testis until it enters the external 
inguinal ring. Rotation of the testis may occa-
sionally be noted with up to an 180° rotation 
noted without apparent effects. If the testis is 
rotated more than 180°, vascular compromise 
with clinical signs may occur secondarily to 
torsion.

Total scrotal width is used as one esti-
mate of testis mass in the stallion (Gebauer 
et al., 1974). Testis mass, in turn, is correlated 
with daily sperm production and output 
(DSO) in the stallion. Total scrotal width and 
DSO increase with age, though the relation-
ship between total scrotal width and DSO 
appears less valid in aged stallions; in one 
study, the correlation between total scrotal 
width and DSO was 0.55 (Thompson et al., 1979). 

Total scrotal width is measured by placing 
one hand above the testes to position both 
testes in the ventral aspect of the scrotum and 
then measuring the widest portion across 
both testes. The accuracy of the measurement 
is increased by the use of calipers and by tak-
ing the average of three measurements. 
Stallions with a total scrotal width of less than 
8 cm should be strongly suspected of testicu-
lar hypoplasia or degeneration (Kenney et al.,
1983; Pickett et al., 1987). The shape of the tes-
tes can influence the relationship between 
total scrotal width and testis mass; therefore, 
measurements of length, width and thickness 
of individual testes are often included in the 
BSE. A more accurate determination of testis 
volume can be made based upon ultrasono-
graphic determination of testis width, height 
and length:

volume = 0.52 × height × width × length

and DSO can be estimated as:

DSO (billions) = (0.024 × volume) – 1.26 
(Love et al., 1991)

Comparison of projected DSO based 
upon testis volume with measured DSO 
based upon semen collection provides a useful 
means to assess the efficiency of spermato-
genesis in the stallion. When large disparities 
occur between estimated DSO based upon 
measured testis volume and actual DSO based 
upon semen collection, this suggests that effi-
ciency of spermatogenesis may be reduced 
(Blanchard et al., 2001).

As with the external genitalia, examina-
tion of the internal genitalia of the stallion 
is best conducted after semen collection. 
Restraint of the stallion and protection of 
the examiner are important considerations, 
because most stallions are not accustomed to 
examination per rectum. Usually, with a slow 
careful approach, most will tolerate the exam-
ination. The internal genitalia of the stallion 
include the bulbourethral gland, pelvic ure-
thra, prostate gland, vesicular glands and 
ampullae. The paired bulbourethral glands 
lie at the root of the penis at the ischial arch 
and are not palpable. The pelvic urethra is the 
best landmark for palpation of the internal 
genitalia, and is identified as a cylindrical 
object lying on the floor of the pelvis with a 
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diameter of 3 to 4 cm. At the cranial extent of 
the pelvic urethra, the prostate gland is pal-
pated as a firm, 2 × 4 cm glandular structure, 
with lobes located on either side of the ure-
thra. The ampullae are located along the mid-
line just cranial to the prostate as muscular 
ducts approximately 1 to 2 cm in diameter 
and 10 to 20 cm in length. The vesicular 
glands are sac-like structures located lateral 
to the ampullae that are often difficult to pal-
pate unless they are filled as a result of sexual 
stimulation. The internal inguinal rings are 
palpated just off midline approximately 10 cm 
cranio-ventral to the pelvic brim.

Bacteriological Evaluation

Microbiological culture of the stallion is fre-
quently included in the BSE (Kenney et al.,
1983; Pickett et al., 1989). It is important to 
realize, however, that the penis and prepuce 
of the stallion have a number of bacteria 
isolated that represent ‘normal’ microflora, 
although some may also represent potential 
pathogens. Cultures are typically taken from 
the urethra after the penis is washed with 
water and cotton, and again immediately 
after semen collection, by passing a culturette 
up the distal urethra. Pre-ejaculatory cultures 
should be taken after the stallion has been 
teased so that some pre-ejaculatory fluid is 
present. Cultures are also taken from the pre-
puce and semen. Semen cultures require that 
a sterile semen receptacle be used. Swabs are 
held in transport media and are submitted for 
routine aerobic culture.

Interpretation of the microbiological por-
tion of the examination should be done care-
fully. The organisms most commonly associated 
with venereal transmission in the stallion 
include Taylorella equigenitalis (the causative 
agent of CEM), Pseudomonas aeruginosa, Klebsiella
pneumoniae (particularly capsule types 1 and 5) 
and, rarely, haemolytic streptococci and 
Escherichia coli (Pickett et al., 1989). Because all 
of these organisms (except for T. equigenitalis)
may also be isolated from stallions without 
fertility problems, interpretation of the micro-
biological findings requires consideration of 
other findings from the BSE. The organisms 

are considered as potential venereal patho-
gens if recovered in moderate or heavy growth 
in pure culture from several ejaculates, or if 
associated with increased leucocytes in the 
semen, or with an increased incidence of post-
coital endometritis in mares bred to that stal-
lion. The source of these organisms is typically 
urethritis, although vesiculitis, ampullitis or 
epididymitis are rarely associated with these 
isolates.

Evaluation of Sexual Behaviour 
and Mating Ability

The ability of the stallion to respond to a 
mare in oestrus, achieve erection, mount, seek 
the vulva or artificial vagina, thrust and ejac-
ulate are critical to his use in a natural service 
or artificial insemination (AI) programme 
(McDonnell, 1986). Therefore, careful obser-
vation of the stallion’s sexual behaviour 
during the BSE is important. Reaction time 
(interval from presentation of the mare until 
erection) and number of mounts per ejaculate 
should be recorded. The agility of the stallion 
in mounting the mare, seeking the vulva 
or artificial vagina (AV), thrusting and dis-
mounting the mare are subjectively assessed. 
Evidence of pain or reluctance to mount 
may indicate musculoskeletal abnormalities 
that may impair the stallion’s breeding perfor-
mance. Overly aggressive behaviour towards 
the handlers or mare should be noted. 
Aggression and libido are not synonymous 
in the stallion.

Interpretation of sexual behaviour and 
mating ability is somewhat subjective. Age, 
experience of the stallion and season can 
affect reaction time and libido. Young, inex-
perienced stallions require careful, patient 
handling to successfully collect semen and 
not unduly disturb the development of nor-
mal sexual behaviour. Experience (learning) 
plays an important role in the sexual behav-
iour of the stallion. Stallions may become 
conditioned to respond to events that are not 
normally related to sexual behaviour, such 
as phantom mares, handlers, the presence of 
the AV, etc. Likewise, the stallion may have 
impaired sexual behaviour owing to negative 
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conditioning associated with breeding-related 
injuries or excessive discipline in a sexual 
context.

Semen Collection and Handling

The number of ejaculates examined from a 
stallion will determine the reliability of the 
estimates made of semen parameters. Authors 
differ as to the number of ejaculates that 
should be examined as part of the routine 
stallion BSE. Currently, the Society for Therio-
genology guidelines recommend a minimum 
of two ejaculates collected an hour apart if 
they meet the criteria of representativeness 
(Kenney et al., 1983). The two ejaculates are 
considered representative if volumes of the 
ejaculates are similar, and the second ejacu-
late contains approximately half the number 
of spermatozoa as the first ejaculate, and has 
comparable or increased sperm motility. If 
the two ejaculates do not meet these criteria, 
the examiner should consider that the collec-
tions are not representative. For example, 
stallions with prolonged sexual rest before 
evaluation may have much higher numbers 
of spermatozoa in the first ejaculate than in 
the second. During the breeding season, it is 
recommended that the two ejaculates be col-
lected during the regular breeding or collec-
tion schedule of the stallion.

Other investigations have recommended 
that five daily ejaculates be assessed in order to 
provide reliable estimates of semen parame-
ters (Rousset et al., 1987), and an average of 
4.7 days was required to stabilize extragonadal 
sperm reserves after periods of prolonged sex-
ual rest (Thompson et al., 2004). In some cases, 
semen may be collected from stallions for at 
least 5 to 7 days to deplete the extragonadal 
sperm reserves and to provide an estimate of 
DSO (Gebauer et al., 1974; Thompson et al.,
2004). Practical considerations tend to limit 
these types of examinations to very valuable 
stallions, or to those in which numbers of 
motile, morphologically normal spermatozoa 
are subnormal or questionable with the stand-
ard two collections made an hour apart.

Evaluation of semen for the BSE should 
be conducted after collection with the AV 

(see next section on semen evaluation). Other 
methods of collection, such as the condom, 
provide an inferior sample, particularly from 
the microbiological standpoint. Care should be 
taken to protect the sample from temperature 
shock, light and excessive agitation/oxygena-
tion, which can adversely affect spermatozoa. 
All materials that contact the semen should be 
clean, dry and warmed to body temperature 
(35 to 37°C) (Kenney et al., 1983).

Immediately after collection, the sample 
is evaluated for colour, clarity and foreign 
debris. Normal stallion semen has a skimmed 
milk appearance that depends on the concen-
tration of spermatozoa present. The volume 
of the ejaculate is recorded and gel, if present, 
is removed by filtration through a milk filter 
or by aspiration. The volume of gel and gel-
free semen is also recorded. Filtration also 
acts to remove any gross debris present in the 
ejaculate. It should be noted that appreciable 
numbers of spermatozoa may be lost in the 
collection equipment and filters (up to 25%), 
but this number is typically not accounted for 
in the routine BSE.

Immediately after removal of the gel, ali-
quots of semen are removed for the assessment 
of motility, sperm concentration, morphology 
and pH (Kenney et al., 1971). Subsamples of 
semen should be removed after mixing the 
semen by gently swirling the sample, because 
spermatozoa sediment. Care should be used in 
handling the sample, such that all pipettes are 
warmed and clean and no cross-contamination 
of the sample with chemical fixatives, such as 
formol-buffered saline (BFS), occurs. Initial esti-
mates of motility and pH should be made within 
5 min of collection. Subsamples for concentra-
tion and morphological investigations should 
be taken soon after collection so as to reduce 
the occurrence of agglutination of spermatozoa 
in raw semen and also to reduce the morpho-
logical artefacts that may occur with time.

Semen Evaluation

Biochemical analysis of seminal fluids

Alkaline phosphatase (ALP) activity in semi-
nal fluid from the stallion is relatively high, 
with a reported range of 1640–48,700 IU/l 
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(Turner and McDonnell, 2003). This activity 
appears to be derived primarily from 
epididymal secretions, with contributions 
from the testis. ALP activity can be a useful 
marker in cases of azoospermia, to help con-
firm ejaculation and the contribution of 
epididymal fluids. The activity is low (<90 IU/l) 
in pre-seminal fluid and in cases of bilateral 
obstructive azoospermia secondary to amp-
ullar blockage (Turner and McDonnell, 2003). 
It may be useful to establish reference values 
for seminal plasma from normal stallions if 
ALP activity is to be used for the evaluation 
of azoospermia.

The pH of raw semen should be meas-
ured with a pH meter soon after collection. 
The normal pH of raw semen ranges from 
7.2 to 7.7, with a slight increase in pH between 
the first and second ejaculates (Kenney et al.,
1983). An elevated pH may indicate incom-
plete ejaculation (pre-ejaculatory fluids have 
a pH of 7.8 to 8.2), urine contamination, 
inflammation within the genital tract or 
equipment contamination with soap. Samples 
that are incubated for a period of time after 
collection tend to have a lower pH as a result 
of the accumulation of metabolic by-products 
(lactic acid).

The osmolality of seminal plasma varies 
considerably in the stallion. In one study of 
five ejaculates each from ten stallions, osmo-
lality was 336 ± 10.5 mOsm (± sem; B.A. Ball, 
unpublished data). Elevations of osmolality 
can be used to diagnose urine contamination 
of semen samples (Griggers et al., 2001). 
Alternatively, excessive use of water-soluble 
lubricants based on sodium methylcellu-
lose for the lubrication of AVs during semen 
collection may result in contamination of 
the semen sample and elevation of measured 
osmolality (Devireddy et al., 2002). This 
increased osmolality may, in turn, adversely 
affect both sperm motility and freezability.

Urine contamination of semen (uro-
spermia) can be detected in some ejaculates 
by a gross change of colour or odour, or by 
the presence of urine crystals on microscopic 
examination (Fig. 11.1). In other cases, uro-
spermia may be more difficult to detect and 
requires the use of assays for urea or creati-
nine. The use of rapid tests for urea nitrogen 
(Azostix) allowed the detection of urospermia 

Fig. 11.1. Photomicrograph of urine crystals 
(arrow) in a semen sample from a stallion with 
urospermia.

(Althouse et al., 1989); a colour change (yellow 
to green) was noted within 10 s in ejaculates 
that had urea nitrogen concentrations greater 
than 39 mg/dl. Alternatively, measurement of 
creatinine concentrations in semen can be used 
for more specific determination of urine con-
tamination; concentrations >2.0 mg/dl are 
indicative of urine contamination (Dascanio 
and Witonsky, 2005).

Evaluation of spermatozoa

The normal equine spermatozoon differs from 
that of other large domestic animals in several 
respects. Distinguishing characteristics include 
abaxial attachment of the midpiece, asymme-
try of the head, small acrosomal volume and 
small head size. The percentage of normal 
sperm in the stallion appears to be lower than 
that of other domestic animals, with most 
studies citing between 50 and 60% normal 
spermatozoa (Dowsett and Pattie, 1982; Jasko 
et al., 1990; Kenney et al., 1995). Based on the 
current Society for Theriogenology guidelines, 
only the total number of normal spermatozoa 
is considered; the differential distribution of 
abnormal spermatozoa is not considered. In a 
recent publication, per cycle pregnancy rates 
for 88 stallions were correlated with sperm 
morphological parameters (Love, 2011a). There 
was a moderate correlation between the per-
centage of normal sperm and per cycle preg-
nancy rate (r = 0.42), whereas morphological 
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defects, including abnormal heads (r = –0.22), 
proximal droplets (r = –0.34), abnormal mid-
pieces (r = –0.30) and coiled tails (r = –0.35) 
had a moderate-to-weak negative correlation 
with per cycle pregnancy rates (Love, 2011a). 
Although the percentage of normal spermato-
zoa is ultimately used for the BSE, the data 
above suggest that consideration of the type of 
morphological defect present may be useful in 
the interpretation of sperm morphology.

The method used to fix and stain sperm-
atozoa can influence the morphological arte-
facts encountered in assessing stallion sperm 
(Hurtgen and Johnson, 1982). Cold shock of 
sperm before fixation and staining can lead to 
artefactual changes in the acrosome and mid-
piece. Ideally, raw semen should be fixed (1:10) 
in BFS immediately after collection. The evalu-
ation of wet-mount specimens with phase-
contrast microscopy or differential interference 
contrast microscopy (DIC) (≥1000× magnifica-
tion) provides the best assessment of morph-
ology, particularly of the acrosome, midpiece 
and cytoplasmic droplets.

If phase contrast or DIC microscopy is 
not available, then eosin–nigrosin stained 
smears are probably the next best alternative 
for the evaluation of sperm morphology. 
Eosin–nigrosin stain is mixed with an equal 
volume of raw semen and smeared on to a 
glass slide. Note that stain, semen and slides 
should be at 35–37°C to avoid inducing arte-
facts in sperm morphology. While eosin–
nigrosin staining has been used to assess 
live/dead ratios in semen, this test is not 
highly repeatable under field conditions, and 
the stain is best used as a counterstain to 
assess morphology.

The assessment of sperm morphology 
with either wet mounts of BFS specimens or 
eosin–nigrosin smears should be conducted on 
a good-quality microscope under oil immer-
sion (≥1000×). A minimum of 100 (preferably 
200) cells should be counted and classified. 
Eosin–nigrosin stained smears can be held 
indefinitely, and BFS-fixed samples can be held 
for extended periods in well-sealed containers.

Neither BFS-fixed samples nor eosin–
nigrosin stained smears are suitable for 
assessing types of cells other than spermato-
zoa, such as inflammatory cells, red blood 
cells or spermatocytes in a semen sample. 

Air-dried smears of semen can be stained 
with a routine blood stain such as Wright’s 
(Diff-Quik), Giemsa or new methylene blue 
to observe somatic cells. Inflammatory cells 
should be noted only rarely (less than 1 per 
5–10 high power fields) in normal stallions. 
Round cells (spermatids, spermatocytes and 
spermatogonia) should also be present only 
infrequently (<1–2% of all cells) in ejaculates 
from normal stallions (Plate 20).

Sperm concentration

The product of the volume of gel-free semen 
and the sperm concentration/ml is used to 
assess the total number of spermatozoa in the 
ejaculate. There are several methods used to 
assess the concentration of spermatozoa. 
These include the use of counting chambers 
(the haemocytometer), spectrophotometry, 
electronic particle (Coulter) counters, flow 
cytometery and image-based particle coun-
ters (the NucleoCounter SP100®).

The haemocytometer method is the least 
expensive and most time-consuming way to 
determine the concentration of spermatozoa. 
With this method, an aliquot of well-mixed raw 
semen is diluted (1:100), mixed again and then 
used to fill a standard Neubauer-ruled haemo-
cytometer. The chamber is allowed to sit for 
5 min to allow all sperm to settle to the same 
plane of focus. The chamber is then examined 
with either a phase contrast microscope or with 
a bright-field microscope adjusted for maxi-
mum contrast. Spectrophotometric methods 
are quicker than this and provide acceptable 
accuracy if properly calibrated. A standard 
spectrophotometer can be used after con-
structing a standard curve determined from 
duplicate haemocytometer counts of semen. 
There are also a number of commercially 
available units to determine sperm concen-
tration in stallion semen based upon optical 
density. Electronic particle counters (Coulter) 
and flow cytometers can be used to deter-
mine sperm concentration, but the cost of 
obtaining, operating and maintaining this 
equipment precludes its use for routine 
semen evaluation. More recently, an image-
based method for the determination of sperm 
concentration has been introduced commer-
cially (Johansson et al., 2008). This unit allows 
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the determination of both sperm number 
and sperm viability, based upon the use of 
propidium iodide (PI), a fluorescent, DNA-
binding dye.

Sperm motility

Reliable estimation of the motility of stallion 
sperm requires that all materials that contact 
the semen are clean, dry and warmed to 35 to 
37°C. The initial estimation of motility should 
be made within 5 min of collection in both 
raw semen and extended semen. Raw stal-
lion semen tends to agglutinate with both 
head-to-head agglutination and agglutina-
tion to the microscope slide. However, esti-
mates of gross motility in raw semen may be 
useful for identifying potential technical 
problems with the extender or possible 
adverse effects of the extender on a particular 
semen sample. The repeatability of estimates 
of sperm motility is generally better with 
extended than with raw semen (62 versus 
41%) (Rousset et al., 1987). For these reasons, 
both the author and colleagues estimate 
motility in both raw and extended semen, 
but rely more heavily on estimates based on 
extended semen.

The estimation of motility includes both 
total motility (TM) and progressive motility 
(PM). TM is an estimation of the percentage 
of sperm that show any movement, while PM 
includes only those sperm that are actively 
moving forward or are moving in large circu-
lar paths. Ideally, motility should be evalu-
ated using a standard dilution (25 × 106/ml) 
and volume of semen for microscopy. This 
can typically be accomplished by diluting 
raw semen with a skimmed milk–glucose 
extender at a ratio of >1:5. Aliquots of semen 
for evaluation should be taken after gently 
mixing the semen by swirling the container, 
because sperm sediment as the sample is sta-
tionary. Extender, microscope slides, cover-
slips, and pipettes should be pre-warmed on 
a warming tray or in an incubator. A small 
drop (6–10 ml) of extended semen is placed 
on a slide, coverslipped and examined with a 
microscope.

Phase contrast microscopy with a heated 
microscope stage is ideal for motility assess-
ment. If phase contrast is not available, the 

microscope condenser should be lowered 
and the iris diaphragm of the bright-field 
microscope closed to enhance contrast of the 
specimen. The examiner should be careful 
not to move too close to the edge of coverslip, 
where drying of the specimen occurs rapidly, 
and estimates of TM and PM should be made 
after examining several fields. Extended 
semen from some stallions may demonstrate 
a high proportion of sperm with circular 
motility immediately after dilution. In these 
stallions, incubation for a period of 5 to 10 min 
may be required before accurate estimates of 
progressive motility can be obtained. The 
evaluation of motility should be performed 
quickly, particularly if the microscope stage 
is not heated. If necessary, new slides should 
be made rather than continuing to look at 
repeated fields on the same slide. Samples in 
which there are no motile sperm should alert 
the examiner to possible contamination of the 
semen with spermicidal compounds, such as 
alcohol or soaps used to clean the AV or the 
glassware.

Computer assisted sperm analysis (CASA) 
systems have been available for many years 
as a method to provide more objective ana-
lysis of sperm motility parameters. These 
systems provide a host of kinematic data 
regarding sperm motion and velocity para-
meters and offer the ability to obtain more 
repeatable estimates of sperm motility than 
do subjective estimates obtained using only a 
microscope. In most cases though, data obtained 
from CASA does not substantially improve 
estimates of fertility of a particular sample 
compared with subjective estimates obtained 
using a good-quality microscope and heated 
microscope stage.

Although the concept of PM has long 
been a part of the routine BSE, its repeatability 
across different examiners is not good, and 
the variation in measurement of TM is typic-
ally less (Love, 2011b). When sperm motility 
parameters determined by CASA were com-
pared based upon per cycle pregnancy rates 
in stallions (91% versus 56% versus 32% per 
cycle pregnancy rate), the parameters of 
TM and PM, and of path velocity and pro-
gressive velocity were significantly lower 
for stallions with low seasonal pregnancy 
rates (Love, 2011a). Not surprisingly, many 
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of the measured motility parameters were 
highly correlated, including PM and TM and 
mean progressive velocity, as determined by 
CASA (Love, 2011a). Correlation coefficients 
between TM and PM and per cycle preg-
nancy rates were 0.59 and 0.52, respectively 
(Love, 2011a).

Ultrastructure of sperm

Transmission electron microscopy (TEM) of 
equine spermatozoa can provide detailed 
resolution of the ultrastructure of ejaculated 
sperm, including defects in the plasma or 
acrosomal membrane, mitochondria and axo-
neme, as well as showing chromatin conden-
sation (Veeramachaneni et al., 2006).

Sperm function testing

There are a number of in vitro assays that 
have been used to infer different functional 
compartments of equine sperm, including 
the plasma membrane, acrosome, mitochon-
dria and a variety of sperm-specific proteins, 
but there are relatively little data that associ-
ate these in vitro assays with stallion fertility. 
The relative lack of information relating var-
ious sperm function tests with fertility in the 
stallion limits the ultimate use of many of 
these assays in clinical applications. None 
the less, a considerable body of information 
on the normal function of equine spermato-
zoa has accumulated through such studies, 
and may ultimately be useful in accurately 
predicting the fertility of equine semen 
based solely upon in vitro assays. Varner 
(2008) provides an excellent overview of 
many of these assays as applied to equine 
sperm.

A number of fluorescence probes have 
been used to assess different functional com-
partments of sperm. Integrity of the plasma 
membrane can be assessed by the ability of 
membrane-impermeant, DNA-binding dyes 
(including PI, ethidium and others) to stain 
nuclear DNA and thereby assess sperm via-
bility. Likewise, a number of cationic fluores-
cent probes (rhodamine 123 and derivatives) 
are preferentially taken up by mitochondria 
and may be useful for detecting mitochon-
drial membrane potential. One probe, JC-1, 

has the advantage of differentially labelling 
mitochondria with low versus high mem-
brane potential, thereby providing quantita-
tive information on mitochondrial function 
(Plate 21) (Gravance et al., 2000). Other probes 
can be used to detect oxidative damage to the 
sperm membrane (e.g. C-11-Bodipy 581/591) 
(Ball and Vo, 2002) or the generation of reac-
tive oxygen species during sperm metab-
olism (Ball et al., 2001b; Sabeur and Ball, 
2006; Burnaugh et al., 2007; Ball, 2008). Other 
changes, such as alterations in sperm mem-
brane structure (Thomas et al., 2006) and 
apoptosis (Brum et al., 2008) have also been 
characterized for equine sperm. Many of 
these fluorescent probes can be detected 
using fluorescence microscopy; however, 
more accurate quantitation can be achieved 
using flow cytometry, which offers the oppor-
tunity to assess a relatively large number of 
sperm (104) quickly.

The sperm acrosome, the membrane-
bound vesicle covering the rostral sperm 
head, contains enzymes that are important in 
the process of sperm penetration through the 
zona pellucida of the oocyte during fertiliza-
tion. The acrosome can be damaged during 
freezing and thawing, and failure of normal 
acrosomal exocytosis has been identified as a 
cause of infertility in stallions (Bosard et al.,
2005). The acrosome of equine sperm is rela-
tively small and difficult to image using 
standard microscopy; detection of acroso-
mal exocytosis is typically based upon either 
TEM or other specialized staining techniques. 
Fluoresceinated lectins, such as peanut agglu-
tinin (PNA), have been used to preferentially 
label the acrosomal membrane and thereby 
improve detection of the equine acrosome 
(see Plate 22, which shows equine sperm 
stained with fluoresceinated pea lectin). FITC 
(fluorescein isothiocyanate)-PNA is typically 
combined with a viability probe (PI) to differ-
entiate sperm that have undergone a true 
acrosome reaction from those that have 
undergone cell death with subsequent loss 
of the acrosome. Alternatively, the equine 
acrosome can be identified with bright-field 
microscopy after staining with Commassie 
blue, although this methodology does not 
allow the simultaneous detection of sperm 
viability (Brum et al., 2006).
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During transit through the mare’s repro-
ductive tract, equine sperm associate with 
the epithelial cells lining the isthmic portion 
of the oviduct to form a functional sperm 
reservoir (Thomas et al., 1994). The ability of 
sperm to interact with oviductal epithelial 
cells (OEC) in vitro has been used as a 
method to assess sperm function (Dobrinski 
et al., 1995). Likewise, the ability of equine 
sperm to bind the zona pellucida in vitro has 
been characterized and a relationship 
with fertility proposed for the horse (Meyers 
et al., 1996).

Evaluation of sperm chromatin

Changes in the susceptibility of sperm chro-
matin (which is composed of highly com-
pacted DNA and nuclear proteins) to damage, 
and thereby the relationship of sperm chro-
matin structure with fertility, has been 
known for several years in a variety of ani-
mals, including the stallion (Evenson et al.,
2002). To measure such changes in sperm 
chromatin structure, sperm are exposed to 
acid to denature chromatin, and then stained 
with a dye (acridine orange) that differen-
tially stains single- versus double-stranded 
DNA as a means to detect DNA strand 
breaks. Stained sperm are examined by 
flow cytometry and the amount of DNA 
fragmentation is determined (Evenson et al.,
2002). Changes in the stability of sperm 
chromatin have been associated with 
changes in stallion fertility (Love and 
Kenney, 1998). In most cases, the aetiology 
of differences in susceptibility to the dena-
turation of sperm chromatin are unknown; 
however, thermal trauma to the testis may 
disrupt normal spermatogenesis, with alter-
ations in sperm chromatin stability detected 
following acute thermal injury to the testis 
(Love and Kenney, 1999). Other assays have 
been used to assess changes in sperm chro-
matin or DNA, including single-cell gel 
electrophoresis (the comet assay; Fig. 11.2) 
(Baumber et al., 2002b) and the TdT (termi-
nal deoxynucleotidyl transferase)-mediated-
dUTP nick end labelling (TUNEL) assay 
(Brum et al., 2008); no data are presently 
available to relate the outcomes of these 
assays to fertility in the stallion.

Fig. 11.2. Equine sperm comet assay showing the 
sperm nucleus (∗) and the tail of fragmented DNA 
that has migrated out from the nucleus.

Ancillary Diagnostic Procedures

Ultrasonographic and endoscopic 
examination of the stallion’s 

reproductive organs1

Ultrasonography

Evaluation of the scrotum, testis, epididymis 
and spermatic cord by B-mode ultrasonogra-
phy has become a routine part of reproduc-
tive evaluation of the stallion (Pozor, 2005), 
and the normal ultrasonographic anatomy 
of the stallions’ reproductive tract has been 
described (Little and Woods, 1987; Love, 1992; 
Ginther, 1995). In addition, Doppler ultra-
sonography has been used for the evaluation 
of both the internal and external genitalia of 
the stallion (Pozor and McDonnell, 2004; 
Ginther, 2007; Pozor, 2007).

Lesions of scrotum, epididymis and testis

The ultrasonographic appearance of the nor-
mal equine testicular parenchyma is homoge-
neous with the exception of the central vein of 
the testis (Fig. 11.3) (Love, 1992).

Changes that may be detected within the 
testis parenchyma by ultrasound include the 
presence of tumours, parenchymal oedema, 
increased echogenicity of the testis paren-
chyma associated with late-stage testicular 
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degeneration and haematomas or abscesses 
within the testis parenchyma. Testicular 
tumours are relatively rare in stallions, 
although seminomas, Sertoli cell tumours, 
Leydig cell tumours, teratomas and mast cell 
tumours, among others, have been reported 
(McEntee, 1990; Brown et al., 2008; Edwards, 
2008). Seminomas and Leydig cell tumours 
occur most often in aged stallions and may 
be present in either normally descended or 
cryptorchid testes. Teratomas are more often 
reported in retained testes (McEntee, 1990). 
The ultrasonographic appearance of these 
tumours varies, and relatively few reports have 
characterized their appearance in the stallion 
testis. In one report, the ultrasonographic 
appearance of a seminoma was characterized 
as diffusely hypoechoic with heterogeneous 
areas of increased echogenicity (Fig. 11.4) 
(Beck et al., 2001). Seminomas can metastasize 
and examination of the spermatic cord and 
abdominal cavity may be useful for detecting 
metastatic disease (Fig. 11.5). In another report, 
a testicular mastocytoma (mast cell tumour) 
appeared as a heterogenic flocculent mass 
within the testis (Brown et al., 2008). Routine 
examinations of the testes of the stallion are 
likely to yield better diagnostic information on 
the frequency of testis neoplasia in stallions, 
along with an earlier detection during the 
course of the disease.

Fluid accumulations in the vaginal tunic (or 
tunica vaginalis, the serous covering of the testis), 

Fig. 11.3. Ultrasonogram of a normal testis 
showing the central vein.

such as hydrocele (an accumulation of serous 
fluids) and haematocele (an accumulation of 
blood), are readily detected by ultrasonographic 
examination of the scrotum and testis in 
the stallion. Hydrocele can accompany scrotal 
oedema or may result because of transfer of 
peritoneal fluid from the abdomen to the 
vaginal cavity. Hydrocele may also occur dur-
ing periods of high ambient temperature and 
resolve as environmental temperatures mod-
erate (Varner et al., 1991). Such fluid accumula-
tions are typically characterized by an anechoic 
fluid without evidence of increased cellularity 
or fibrin. In contrast, haematocele (Fig. 11.6) is 
characterized by the accumulation of blood in 
the vaginal cavity often associated with trauma 
to the scrotum or possibly with haemoperi-
toneum. Ultrasonographically, haematocele is 
characterized by the presence of increased 
echoic debris within the tunics, including the 
presence of fibrin strands.

Scrotal ultrasonography can be very use-
ful in examining the stallion with acute scrotal 
enlargement (Morresey, 2007). Acute torsion of 
the spermatic cord, with accompanying tes-
ticular oedema, congestion and ischaemia may 
result in ultrasonographic signs, including 
increased oedema (reduced echogenicity of the 
testis parenchyma) (Fig. 11.7), along with evi-
dence of reduced blood flow in the spermatic 
cord (Pozor, 2007). Inguinal or scrotal hernias 
typically involve passage of a loop of small 
intestine through the vaginal ring into the 
inguinal or scrotal portion of the vaginal tunics. 
Ultrasound provides a ready method to identify 
the presence of intestine within the scrotum 
and greatly facilitates accurate diagnosis.

In addition to torsion, other lesions of the 
spermatic cord include varicoceles, which 
represent a venous engorgement or enlarge-
ment of the veins of the pampiniform plexus. 
Although common in human males, varicoce-
les appear to be rare in the stallion (Varner 
et al., 1991). The presence of a grossly enlarged 
venous plexus can be detected by both B-mode 
and Doppler ultrasonography in the region of 
the spermatic cord (Pozor, 2005). In human 
males, the presence of varicocele is associated 
with increased abnormalities in the spermio-
gram; anecdotal evidence suggests that stal-
lions with varicocele may also have a suppression 
of semen quality.
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Fig. 11.4. Ultrasonogram of a seminoma in a stallion 
showing a mixed echoic and hypoechoic pattern.

Fig. 11.5. Ultrasonogram of spermatic cord with 
seminoma. The normal cross section of the 
spermatic cord (a) presents multiple cross sections 
of blood vessels, while the affected spermatic cord 
(b) shows an enlarged cross section with loss of 
vascular detail and increased echogenicity.

The epididymis can be imaged along its 
entire length by transcutaneous ultrasonogra-
phy. Epididymal cysts have been detected 
ultrasonographically in the caput epididymis 
of the stallion, and anecdotal evidence sug-
gests that these cysts may be associated with 
ejaculatory problems (Pozor, 2005). The origin 
of these cysts has not been defined, but they 
may be derived from blind-ended efferent 
ductules that fail to fuse in formation of the 
epididymal duct, or possibly represent cysts of 
the appendix epididymis, a remnant of the 
mesonephric duct (McEntee, 1990; Love, 1992). 
These cysts may be noted also in stallions in 
which no decline in semen parameters has 
been noted; however, rupture of blind-ending 
efferent ductules can also lead to sperm granu-
loma formation in the caput epididymis, pos-
sibly resulting in obstructive lesions of the 
epididymal duct. Epididymitis is relatively 
uncommon in the stallion, but most often 
involves either unilateral or bilateral disease 
of the cauda epididymis. These lesions are 

typically characterized by the presence of 
epididymal enlargement, along with enlarge-
ment of the epididymal lumen (Fig. 11.8). In the 
acute phase, epididymitis may be accompan-
ied by painful enlargement of the epididymis, 
also with the presence of pyospermia (or leuco-
cytospermia, a condition in which there is an 
unusually high number of white blood cells in 
the semen). As the condition becomes chronic, 
there may be a reduction in pain associated 
with the lesion.

Evaluation of penis and prepuce

Acute trauma to the penis, often associated 
with breeding or collection injuries, may 
result in haematomas of the corpus caverno-
sum, which may result in abnormal erection 
(Hyland and Church, 1995). Such injuries may 
be characterized ultrasonographically by the 
appearance of an increased echogenicity 
(Fig. 11.9) within the corpus cavernosum, 
accompanied by penile deviation (Fig. 11.10). 
Kicks to the inguinal region of the stallion 
may result in penile, or more often preputial, 
injuries, with haematomas forming in the 
large venous plexus located dorsal to the pre-
puce; again, ultrasound imaging may aid the 
detection and characterization of these lesions.
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Evaluation of internal genitalia

The internal genitalia of the stallion are 
readily imaged by transrectal ultrasonogra-
phy, and changes in the appearance of the 
accessory sex glands before, during and 
after ejaculation have been characterized 
(Weber et al., 1990; Ginther, 1995).

Lesions of the terminal portion of the 
ductus deferens (ampulla) appear to be the 
most commonly identified abnormality of 
the internal genitalia of the stallion. Some 
stallions appear to have an abnormal reten-
tion of spermatozoa within the excurrent 
duct system, with an accumulation of sperm-
atozoa (Varner et al., 2000). Retained sperm-
atozoa appear to undergo degenerative 
changes within the excurrent duct system, 
and ejaculates from these stallions may be 
characterized by a high sperm concentra-
tion (>500 million/ml), low motility and a 
high percentage of detached heads (Fig. 11.11). 
In some cases, sperm and epithelial cell 
debris may form casts that appear within 
the ejaculate (Fig. 11.12). Occasionally, sper-
matozoa may form obstructive plugs that 
are retained within the distal ductus defer-
ens, resulting in unilateral or bilateral 
obstruction of the ductus deferens. In these 

Fig. 11.9. Ultrasonogram of penile hematoma 
in the corpus cavernosum (arrows) of a stallion, 
which appears as a hyperechoic region. 
The urethra and corpus spongiosum is marked (∗).

stallions, transrectal ultrasonography of the 
accessory glands may reveal a dilation of 
one or both ampullar lumen due to obstruc-
tion (Fig. 11.13). In most cases, these 
lesions are readily identified by transrectal 
ultrasonography.

Fig. 11.6. Ultrasonogram of a 
haematocele in a stallion. Fibrin 
tags (arrow) are noted between 
the testis and scrotum, and free 
blood (∗) is noted within the 
vaginal tunic.

Fig. 11.7. Chronic
epididymitis in a stallion. 
An ultrasonogram of the 
cauda epididymis reveals 
numerous sperm granulomas 
(arrow) that were confirmed 
on histopathology.

Fig. 11.8. Epididymitis in the 
stallion. Ultrasound examination of 
the corpus epididymis revealed 
an enlargement (arrow) that 
corresponded to a thickened, 
fibrotic lesion of the epididymis.
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Fig. 11.10. Marked penile deviation in stallion at the time of ejaculation.

Fig. 11.11. Photomicrograph of a semen sample 
with a high percentage of detached heads.

Fig. 11.12. Sperm ‘plugs’ collected from the 
semen filter after collection from a stallion with 
ampullar obstruction (spermiostasis). Grossly, 
these plugs appear as amorphous masses.

In addition to obstructive lesions of the 
ampulla, segmental aplasia of the terminal 
portion of the ductus deferens has been 
described in the stallion, associated with an 
apparent failure of fusion of the mesonephric 
ducts and the urogenital sinus during devel-
opment (Estrada et al., 2003). Segmental apla-
sia of the ductus deferens characterized by 
the presence of dilated terminal cysts within 
the ampulla near the pelvic urethra has been 
observed by Ball and colleagues. Although 
rare, aplasia of different regions of the excur-
rent duct of the stallion has been reported and 
should be considered in cases of infertility 
associated with azoospermia.

Cystic structures associated with the 
internal genitalia of the stallion have been 
described based upon their ultrasonographic 
appearance. One of these, the uterus mascu-
linis, represents a remnant of the paramesone-
phric duct in the male, which is located in the 
urogenital fold between the two ampullae of 
the ductus deferens as they enter the pelvic 
urethra at the colliculus seminalis (Plate 23). In 
some stallions, the uterus masculinis may be 
detected ultrasonographically as a hypoechoic 
cystic structure lying between the ampullae. 
While uterus masculinis is frequently found in 
normal stallions, cystic distension of this struc-
ture has been associated with ejaculatory prob-
lems by some authors (Pozor, 2005). Urethral 
cysts have also been identified during ultra-
sonographic examination of the pelvic urethra 
of the stallion, though the significance of these 
lesions remains undetermined (Pozor, 2005).



268 B.A. Ball

Fig. 11.13. Ultrasonogram of the ampulla of an obstructed stallion showing the luminal dilatation with 
obstruction of the ampulla, which is shown in longitudinal section and outlined with arrows.

Inflammation of the vesicular glands in 
the stallion is uncommon, but seminal vesicu-
litis can present an important source of inflam-
matory cells in the ejaculate when it occurs. 
The gross appearance of a semen sample may 
show a large amount of flocculent debris with 
evidence of mild haemorrhage (Plate 24). 
Changes in the ultrasonographic appearance 
of the vesicular glands may not be detected in 
vesiculitis but, in some cases, the fluid content 
of the vesicular glands has been noted to 
change from a normal anechoic fluid to a more 
hyperechoic fluid, along with a detectable 
thickening of the wall of the vesicular gland 
(Fig. 11.14). Phase contrast microscopy of a 
semen sample collected from a stallion with 
vesiculitis showed sperm and many somatic 
cells (Plate 25), which were identified after 
Wright’s staining as neutrophils.

Evaluation of retained testes

Ultrasonography can be a useful adjunct to 
identify testes retained within the inguinal 
canal or abdomen of the cryptorchid stal-
lion (Jann and Rains, 1990; Schambourg 
et al., 2006). Identification of the retained 
testis within the inguinal canal is relatively 
straightforward using ultrasound, although 
localization of the abdominal testis by tran-
srectal ultrasonography can require more 
patience and experience (Jann and Rains, 
1990; Schambourg et al., 2006). A technique 
for the identification of abdominal testes 
by a systematic transabdominal ultrasound 

examination with a relatively high sensitivity 
and specificity has been described (Jann and 
Rains, 1990; Schambourg et al., 2006).

Endoscopy

Urethroscopy of the stallion is most useful for 
delineating lesions of the urethra associated 
with bacterial urethritis or haemospermia (the 
occurrence of blood in the ejaculate) (Sullins 
et al., 1988). A 100 cm flexible video endoscope is 
adequate for imaging the length of the urethra 
into the pelvis. Lesions identified during endos-
copy of the urethra include urethritis, strictures 
of the urethra, varicosities and urethral rents. 

Fig. 11.14. Seminal vesiculitis in a stallion. 
On ultrasound, the vesicular gland is distended 
with thickened walls (arrows) and there are echoic 
particles within the fluid.
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Urethral rents that communicate with the cor-
pus spongiosum may result in haemospermia 
and are typically located near the ischial arch. 
Within the pelvic urethra, the termination of the 
ductus deferens and the openings of the vesicu-
lar glands can be imaged dorsally at the collicu-
lus seminalis. The openings of the vesicular 
glands can be cannulated with a small (3–5 
French) polyethylene catheter to facilitate sam-
pling of the content of the vesicular gland. The 
openings of the ampullae, however, are not 
readily cannulated via an endoscopic approach.

Genetic testing

Karyotypic analysis is frequently useful in 
examining individuals whose sexual pheno-
type is uncertain (i.e. intersex conditions). 
Such an analysis may also be useful in some 
undiagnosed cases of infertility or subfertility 
in stallions. Autosomal abnormalities and 
sex-chromosome mosaics (i.e. 63,XO/64,XY) 
have been described as causes of reduced fer-
tility or infertility in stallions (Kenney et al.,
1991). More frequent application of cytogen-
etic studies is likely to reveal other abnormal-
ities that are associated with reduced fertility 
in the stallion.

Completion of genomic sequencing for the 
horse, along with an improved understanding 
of the molecular mechanisms responsible for 
successful reproduction, offers the opportunity 
for an improved understanding of the genetics 
of stallion fertility (Leeb, 2007). As an example 
of such application, equine cysteine-rich secre-
tory protein (CRISP3) is a major secretory pro-
tein in seminal plasma, which has three 
non-synonymous single nucleotide polymor-
phisms (SNPs) that are associated with fertility 

in the stallion (Hamann et al., 2007). Future 
studies will likely provide an improved under-
standing of the genetics of stallion fertility, 
through the identification either of candidate 
genes or of markers related to fertility (Giesecke 
et al., 2010).

A number of genetic diseases have been 
characterized for the horse, including several 
defects in which the specific genetic mutation 
underlying the disease have been character-
ized. A growing number of these diseases have 
genetic tests that are available to screen for 
such mutations. Depending upon the breed of 
stallion being examined, these tests will become 
increasingly important in the elimination of 
potential genetic diseases from the breeding 
population. Some of the diseases characterized 
to date for which specific mutations have been 
identified include those listed in Table 11.1.

Interpretation of Findings 
of the BSE

A final recommendation on breeding cap-
abilities based on the result of the BSE of the 
stallion requires consideration of all aspects of 
the examination. Because many factors in 
addition to the stallion itself potentially affect 
its breeding performance, the BSE does not 
provide a precise measure of the future fertil-
ity of a given stallion and may have more util-
ity in the identification of potentially sub-fertile 
stallions. Based upon current knowledge, stal-
lions that have poor sperm quality are more 
likely to have reduced fertility, though the 
converse may not be true (Love, 2011b). 
Stallions with normal sperm quality may have 
associated good fertility but other factors, such 
as management, may adversely affect this 

Table 11.1. Genetic diseases in horses caused by specific mutations.

Genetic disease Abbreviation Breed association (if any)

Hereditary equine regional dermal asthenia HERDA American Quarter Horse
Hyperkalemic periodic paralysis HYPP American Quarter Horse
Glycogen branching enzyme deficiency GBED American Quarter Horse
Junctional epidermolysis bullosa JEB Belgian Draft
Polysaccharide storage myopathy PSSM –
Severe combined immunodeficiency SCID Arabian
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fertility, thereby reducing the predictive basis 
of sperm quality for fertility (Love, 2011b).

The Society for Theriogenology’s guide-
lines (Kenney et al., 1983) on fertility evalua-
tion, which were formulated almost 30 years 
ago, provided recommendations for a stal-
lion with a full book of 40 mares for natural 
service or 120 mares for AI (40/120 mares). 
Over the intervening years, the number of 
mares bred to stallions with natural service 
and AI (including a larger proportion of 
mares bred with transported or frozen–
thawed semen) has increased dramatically 
in some situations, and the utility of these 
guidelines has diminished.

In the guidelines promulgated by the 
Society for Theriogenology, the determinant fac-
tor for semen quality of the stallion is the number 
of morphologically normal, progressively motile 
spermatozoa (Kenney et al., 1983). As noted by 
Love (2011b), the use of this parameter as the 
determining factor to assess semen quality may 
be subject to several problems of interpretation. 
In particular, the criteria for the determination of 
progressive motility are not standardized and 
the repeatability of progressive motility meas-
urements is often lower than that for total motil-
ity. In addition, the use of a combined parameter 
for progressive motility and normal morphology 
may be overly restrictive, because the para-
meters of motility and normal morphology are 
often reasonably correlated. Furthermore, the 
classification scheme that utilizes only normal 
sperm morphology, without any attention to the 
differential analysis of morphologically abnor-
mal spermatozoa, may unduly weight some 
types of morphological abnormalities (e.g. distal 
cytoplasmic droplets) that do not have known 
associations with fertility.

The Society for Theriogenology’s guide-
lines for assessing the potential fertility of a 
stallion are based on the following criteria:

• The stallion demonstrates good libido and 
mating ability.

• The penis is normal sized without inflam-
matory lesions.

• Bacteria recovered from the semen and 
urethral swabs are mixed in type and 
decrease after ejaculation.

• The test for equine infectious anaemia is 
negative.

• The stallion has two scrotal testes and 
epididymes of normal size, shape and 
consistency. Total scrotal width is greater 
than 80 mm.

• The stallion produces a minimum of 1 billion 
morphologically normal, progressively 
motile spermatozoa in the second of two 
ejaculates after correction for season.

In addition, if serological testing for equine 
arteritis virus is positive in the absence of 
defined vaccination history, then virus isola-
tion from semen should be conducted to rule 
out the possibility that the stallion may be 
shedding the virus in semen.

If a stallion fails to meet these criteria, he 
is classified as a questionable or unsatisfac-
tory prospective breeder for a full book of 
mares. The ultimate classification of a stallion 
will depend on the severity of the problems 
that have led to an unsatisfactory classifica-
tion. However, many stallions are not used 
for 40/120 mares, and may be able to settle a 
proportionately smaller book of mares with 
adequate reproductive management.

Oxidative Stress in Normal and 
Abnormal Function of Equine 

Spermatozoa

Introduction

Oxidative stress has long been known as 
an important process in mammalian sperm-
atozoa, having been part of the original 
description of oxidative damage to mamma-
lian cells (MacLeod, 1943). Although reactive 
oxygen species (ROS) may form as a normal 
consequence of oxidative metabolism, spe-
cific generating mechanisms within particu-
lar cell types, such as leucocytes, may also 
result in the formation of ROS. From an abun-
dance of literature, it is evident that low-level 
generation of ROS plays an important role in 
normal sperm function and that elevated 
ROS concentrations resulting from an imbal-
ance in either the production or degradation 
of ROS may adversely affect sperm. During 
sperm storage, the effects of oxidative stress 
may be even more important in situations
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where much of seminal plasma is removed 
from a semen sample because a great deal 
of the antioxidant capacity in semen resides in 
the seminal plasma, and not in sperm them-
selves, which have relatively little cytoplasm.

Generation of ROS

Two potential mechanisms appear to account 
for generation of ROS by equine sperm. 
A sperm-specific NADPH oxidase (NOX5) 
present in the plasma membrane of the 
sperm head may be responsible for low-level 
ROS production, whereas electron leakage 
from sperm mitochondria appears to pro-
duce ROS attributed to sperm metabolism 
(Sabeur and Ball, 2006, 2007). The superoxide 
anion (O2

−.) is the primary ROS generated by 
equine sperm, but this molecule rapidly dis-
mutates to form hydrogen peroxide (H2O2)
(Ball et al., 2001b; Burnaugh et al., 2007). 
Hydrogen peroxide, in turn, is the ROS that 
accounts for the major cytotoxic effect in 
sperm (Baumber et al., 2000). The production 
of ROS is increased in the presence of cryoda-
maged, dead or morphologically abnormal 
sperm, and sperm with residual cytoplasm 
or abnormal midpieces appear to produce 
greater quantities of ROS (Ball et al., 2001b). 
Under these conditions, the generation of 
ROS is principally driven by electron leakage 
from the mitochondrial electron transport 
chain, with subsequent reduction of molecu-
lar oxygen to form the superoxide anion 
(Sabeur and Ball, 2006).

Subsequent to cryopreservation, damage 
to sperm mitochondria probably results in 
the generation of superoxide, which con-
tributes to the oxidative damage of frozen–
thawed equine sperm. The evaluation of sperm 
after cryopreservation frequently reveals 
morphological changes in the sperm mid-
piece that are characterized by moderate-
to-marked-swelling of the mitochondria, 
suggesting that sperm mitochondria are a 
significant site of cryodamage, with conse-
quent uncoupling of normal oxidative metab-
olism, generation of ROS and the induction 
of degenerative processes such as apoptosis 
(Brum et al., 2008).

In human semen, contaminating leuco-
cytes are an important source of ROS (Aitken 
et al., 1994). Ball and colleagues examined 
the influence of neutrophil (polymorpho-
nuclear leucocyte – PMN) addition to equine 
sperm to assess the relative effect of PMNs on 
equine sperm in vitro (Baumber et al., 2002a). 
Equine sperm were separated from seminal 
plasma by density-gradient centrifugation, 
and isolated equine PMNs were purified 
from whole blood. The addition of PMNs 
activated with phorbol ester to the separated 
sperm increased hydrogen peroxide gener-
ation, and significantly decreased sperm 
motility (Baumber et al., 2002a). However, 
this effect was only noted when the ratio of 
sperm:PMNs was 5:1 or 2.5:1, which suggests 
that a relatively large contamination of equine 
semen with PMNs was required to induce 
notable adverse effects on equine sperm 
motility.

ROS scavengers in seminal plasma

As already noted, because of the relatively 
small cytoplasmic volume of the mature sperm-
atozoon, most of the antioxidant scavengers 
present in semen reside in the seminal plasma, 
where the primary scavengers include cata-
lase, superoxide dismutase (SOD) and glu-
tathione peroxidase (GPx). There is a wide 
species variation in the activity of these scav-
engers in seminal plasma. In equine seminal 
plasma, the activity of catalase was 98.7 ± 29.2 
IU/mg protein, the activity of SOD was 29.15 ± 
6.64 IU/mg protein and the activity of GPx 
was 0.87 ± 0.06 mM NADPH oxidized/mg 
protein each minute (Ball et al., 2000; Baumber 
and Ball, 2005). Most of the catalase activity 
appeared to originate from the prostate gland; 
whereas SOD was derived primarily from the 
prostate gland and ampullae; GPx was pres-
ent in the highest activity in the testis and in 
the cauda epididymis (Baumber and Ball, 
2005). The activity of both catalase and SOD in 
equine seminal plasma was relatively high 
compared with that in other species, and there 
was significant variation between stallions in 
the activities of these scavengers. Based upon 
these observations, semen processing that 
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entails the removal of seminal plasma may 
increase the susceptibility of equine sperm to 
oxidative damage due to the removal of these 
enzyme scavengers.

A number of other components of semi-
nal plasma provide antioxidant activity and 
help to prevent oxidative damage to sperm. 
Low-molecular weight factors such as lac-
tate, urate, taurine, hypotaurine, pyruvate, 
ascorbic acid, tocopherol, ergothioneine 
and albumin are present in seminal plasma 
and are capable of removing certain ROS 
(Mann et al., 1963; Alvarez and Storey, 1983; 
Kovalski et al., 1992; Halliwell and Gutteridge, 
1999). There is little research in equine semen 
to examine the importance of these low 
molecular weight antioxidants; however, 
one study suggested that these components 
may constitute most of the antioxidant capac-
ity of semen (Thiele et al., 1995).

Effects of ROS on normal equine 
sperm function

The low-level generation of ROS by equine 
sperm is stimulated by calcium ions, and it 
appears that the membrane-associated NOX5 
(see above) is responsible for the production 
of the superoxide anion as part of cell signal-
ling events in equine sperm. The generation of 
superoxide anion, in turn, is important in the 
induction of capacitation, which is associated 
with an increase in tyrosine phosphorylation 
(Baumber et al., 2003b; Burnaugh et al., 2007). 
During the cryopreservation of equine sperm, 
Ball and colleagues have hypothesized that 
the low-level generation of ROS may lead to 
capacitation-like processes that contribute to 
shortened sperm longevity after insemina-
tion. This is supported by the observation that 
cryopreserved sperm have an increased intra-
cellular calcium concentration, an increased 
generation of ROS and a reduced antioxi-
dant capacity because of removal of seminal 
plasma. Other studies in the same laboratory 
have supported the observation that the ‘cryo-
capacitation’ of sperm results in similar but 
not identical changes in the sperm membrane 
to those that are detected during capacitation 
in vitro (Thomas et al., 2006).

Cytopathic effects of ROS 
on equine sperm

Increased generation of ROS by equine sperm 
may occur in the presence of large numbers of 
morphologically abnormal or damaged sperm 
in a sample, and this may adversely affect the 
remaining viable sperm via oxidative stress. 
Although the superoxide anion appears to be 
the primary product generated by sperm, 
research by Ball and colleagues demonstrates 
that the less polar hydrogen peroxide is the 
most important ROS that results in damage to 
equine sperm (Baumber et al., 2000). The gen-
eration of ROS by the xanthine/xanthine oxi-
dase (X-XO) system results in the production 
of a superoxide anion that rapidly dismutates 
to H2O2. The increased H2O2 results in a decrease 
in sperm motility with no detectable decrease 
in viability, acrosomal integrity or mitochon-
drial membrane potential (Baumber et al.,
2000). The addition of catalase (which catabo-
lizes H2O2), but not of SOD (which catabolizes 
the superoxide anion), maintained normal 
motility secondary to this induced oxidative 
stress. Based upon these studies, sperm motil-
ity appears to be a sensitive indicator of 
oxidative stress and may be one of the first 
parameters affected during oxidative stress.

DNA damage is another well-known 
cytopathic effect of ROS. In equine sperm, 
exposure to increasing concentrations of 
ROS generated by X-XO resulted in a dose-
dependent increase in DNA damage as 
detected by the comet assay (Baumber et al.,
2003a). This DNA damage was blocked in the 
presence of catalase or reduced glutathione 
(GSH), but not in the presence of SOD, which 
indicates that H2O2 was the major ROS respon-
sible for DNA damage in these cells (Baumber 
et al., 2003a). Damage to sperm DNA appears 
to be initiated at levels of oxidative stress 
comparable to those previously shown to 
affect sperm motility. Aitken et al. (1998) pro-
posed that DNA damage may be initiated at 
relatively low levels of oxidative stress, which 
might be consistent with induction of capacita-
tion without any change in the motility of 
human sperm. Therefore, low-levels of oxida-
tive stress may allow sperm with DNA damage 
to fertilize the oocyte. Sperm have limited to no 
ability to repair DNA damage, and studies from 
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other species indicate that while fertilization 
may occur, the rate of subsequent embryonic 
development is reduced and the rate of early 
embryonic death is increased in situations in 
which fertilization is initiated by DNA-damaged 
sperm (Ahmadi and Ng, 1999; Morris et al.,
2002). If this is also true in equine sperm, some of 
the damage to equine sperm DNA may be pre-
sent in motile sperm that do not present any evi-
dence of alteration in the standard parameters 
evaluated as part of routine semen analysis.

During the storage of equine sperm, 
there is also a measurable increase in DNA 
damage as detected by the comet assay in 
sperm from both cooled (Linfor and Meyers, 
2002) and frozen storage (Baumber et al.,
2003a). Unfortunately, the addition of antioxi-
dants (a-tocopherol, GSH, ascorbic acid) or 
enzyme scavengers (catalase, SOD) to cryo-
preservation extenders did not reduce the 
level of DNA fragmentation subsequent to the 
freezing and thawing of equine sperm cells 
(Baumber et al., 2005). In fact, the addition of 
SOD to cryopreservation extender signifi-
cantly increased DNA fragmentation, sug-
gesting again that H2O2 is the primary ROS 
resulting in DNA damage to equine sperm – in 
this case due to the conversion of O2

− to H2O2.

Effect of ROS on sperm 
membrane damage

Sperm membranes, including those of the 
horse, are characterized by a high concentration 
of polyunsaturated fatty acids (Parks and 
Lynch, 1992), which are susceptible to peroxi-
dative damage (Aitken, 1995). Neither H2O2

nor O2
− are energetic enough to initiate lipid 

peroxidation on their own, and a transition 
metal catalyst is required to cause the chain 
reaction leading to this (Ball and Vo, 2002). 
The presence of a transition metal catalyst such 
as Fe++ can initiate lipid peroxidation; this 
results in the formation of lipid peroxides and 
of cytotoxic malondialdehyde, as well as of 
the more potent 4-hydroxynonenal (Aitken, 
1995). The change in the sperm membrane 
resulting from lipid peroxidation alters mem-
brane fluidity, and this can affect its ability to 
fuse during acrosomal exocytosis.

Although lipid peroxidation is well char-
acterized for mammalian sperm, equine sperm-
atozoa appear relatively more resistant to 
membrane peroxidation than the sperm of 
other domestic animals (Baumber et al., 2000; 
Neild et al., 2005). The cryopreservation of 
equine sperm, however, increases lipid perox-
idation, particularly over the region of the 
sperm midpiece (Neild et al., 2005 ). Storage of 
liquid semen at 5°C for 24 to 48 h also resulted 
in a detectable increase in lipid peroxidation in 
equine sperm (Ball and Vo, 2002; Raphael et al.,
2008). The addition of a-tocopherol signifi-
cantly reduced lipid peroxidation in equine 
sperm exposed to ferrous (Fe++) promoters, and 
the presence of Fe++ during cooled storage of 
equine sperm significantly increased lipid per-
oxidation and decreased sperm motility (Ball 
and Vo, 2002). The vitamin E analogue tocoph-
erol succinate is more water soluble than 
native vitamin E and appears to load more read-
ily into mitochondria. Experimentally, tocoph-
erol succinate was superior to a-tocopherol in 
preventing the lipid peroxidation of equine 
sperm, but it did suppress the motility of 
equine sperm to a greater extent than did 
a-tocopherol, which limits its practical appli-
cation (Almeida and Ball, 2005).

Ball and colleagues have also evaluated 
the effect of the addition of the ROS scaven-
ger catalase, as well as that of lipid and water-
soluble antioxidants, on the maintenance of 
equine sperm motility during cooled storage 
(Ball et al., 2001a). The addition of catalase to 
non-fat skimmed milk extenders did not 
improve the maintenance of motility during 
72 h of storage at 5°C. Several lipid-soluble 
antioxidants were evaluated, including 
butylated hydroxytoluene (BHT), a-tocopherol 
and the synthetic antioxidant, Tempo. BHT 
significantly reduced progressive motility 
during storage, and there were no positive 
treatment effects of either a-tocopherol or 
Tempo on maintenance of motility. In a final 
experiment, some water-soluble antioxidants 
were evaluated, including the vitamin E 
analogue, Trolox, vitamin C and bovine 
serum albumin, none of which had a positive 
effect on the maintenance of sperm motility 
during cooled storage. Aurich et al. (1997) 
observed a positive effect of the addition of 
ascorbic acid on the preservation of the 



274 B.A. Ball

membrane integrity of cooled equine sperm; 
however, the addition of catalase under simi-
lar conditions had no effect. In conclusion, the 
addition of catalase or of a variety of lipid- or 
water-soluble antioxidants did not improve 
the maintenance of motility during short-
term cooled storage of equine sperm in the 
presence of skimmed milk-based extenders.

A number of investigators have exam-
ined the effects of the addition of antioxidants 
to cryopreserved equine sperm without dem-
onstrating clear-cut positive results on post-
thaw parameters or fertility. In studies by Ball 
and colleagues, the addition of the enzyme 
scavengers catalase or SOD, or the addition of 
low molecular weight antioxidants such as 
GSH, ascorbic acid or a-tocopherol, did not 
decrease DNA fragmentation, nor increase 
mitochondrial membrane potential, viability 
or the motility of frozen equine sperm after 
thawing (Baumber et al., 2005). In contrast, 
Aguero et al. (1995) reported a positive effect 
of adding a-tocopherol to cryopreserved 
equine sperm. In cattle, Foote et al. (2002) 
evaluated multiple antioxidants and combi-
nations of antioxidants for addition to both 
liquid and frozen bovine sperm, and con-
cluded that they were generally not beneficial. 
Interestingly, there were interactions between 
extender type (skimmed milk-based versus 
egg yolk-based extenders) and the addition of 
antioxidants. Foote et al. (2002) suggest that 
the addition of casein and other milk proteins 
in extenders may provide abundant ROS 
scavenging capability to many extender for-
mulations and may, therefore, obviate the 
need for the addition of lipid or water-soluble 
antioxidants to semen extenders containing 
milk products. As noted above, this notion 
may also apply to equine semen, as evidenced 
by the lack of positive effect of the addition of 
antioxidants in many studies that utilized 
skimmed milk-based extenders. There may 
also be important differences between differ-
ent species, as reports from species other than 
the horse suggest that the addition of some 
enzyme scavengers – BHT, GSH and tocoph-
erol or its analogues – had a positive effect on 
the post-thaw parameters of boar sperm 
(Großfeld et al., 2008).

Although the literature concerning the 
addition of vitamin E (a-tocopherol) to semen 

extenders appears to have, at best, a variable 
effect on the maintenance of sperm function 
and fertility, a number of studies suggest that 
dietary supplementation with vitamin E may 
have a positive impact on semen quality and 
the maintenance of sperm during storage. In 
turkeys and chickens, dietary supplementation 
with vitamin E reduced the lipid peroxidation 
of sperm membranes in turkeys and chickens; 
furthermore, the addition of organic selenium 
to the diet also increased the activity of selenium-
dependent glutathione GPx in avian seminal 
plasma (Breque et al., 2003). Surprisingly, sup-
plementation of the female with dietary vita-
min E and organic selenium also appeared to 
improve fertility, perhaps through effects on 
sperm storage in the oviduct (Breque et al.,
2003). Dietary levels of vitamin E and selenium 
in boars affected the percentage of motile, mor-
phologically normal sperm present in the ejacu-
late as well as the fertilization rate in mated 
gilts (Marin-Guzman et al., 1997).

A report from studies of the stallion dem-
onstrated an improved maintenance of sperm 
motility during cooled semen storage after 
the dietary addition of 3000 IU vitamin E/day 
for 14 weeks (Gee et al., 2008). Another study 
demonstrated the favourable effects of the 
dietary addition of a rice oil supplement to 
stallions; increases in sperm concentration, 
motility and total antioxidant capacity of the 
semen were noted during treatment with this 
supplement (Arlas et al., 2008). These studies 
suggest that the dietary addition of antioxi-
dants should be explored further as a means 
of altering oxidative stress in equine semen 
that might be associated with cooled or fro-
zen storage of semen or possibly associated 
with reduced fertility.

Summary and conclusions

Oxidative stress has been associated with 
the perturbation of normal sperm function, 
including damage to chromatin, proteins and 
membrane lipids, but it is important to 
consider that the low-level generation of ROS 
appears to have an important role in intra-
cellular signalling events in sperm. Seminal 
plasma is a rich source of enzyme scaven-
gers and low molecular weight antioxidants, 



Applied Andrology in Horses 275

whereas the sperm cell has a limited antioxi-
dant capacity that is related to its small cyto-
plasmic volume. Many features of semen 
processing, including the removal of seminal 
plasma, centrifugation, cooling and re-warming 
probably contribute to the oxidative damage 
to sperm during storage. Unfortunately, exist-
ing studies on the addition of antioxidants 
to equine sperm during storage do not dem-
onstrate clear-cut positive effects, and more 
research needs to be conducted to assess 
these treatments. Dietary addition of both 
vitamin E and selenium in the stallion may 
have positive effects on semen; again, more 
research should be conducted to address this 
possibility.

Endocrinological Evaluation 
of Prospective and Active 

Breeding Stallions

Diagnostic endocrine testing

Diagnostic endocrine testing in stallions has 
had limited application in veterinary practice 
other than for the diagnosis of suspected crypt-
orchidism in previously castrated stallions. 
The lack of widely available standardized 
assays for equine gonadotrophins has hin-
dered their diagnostic use in sub-fertile stal-
lions (Brinsko, 1996), and the relative paucity 
of information on the diagnostic interpreta-
tion of endocrine values has made the clinical 
application of reproductive endocrinology 
difficult. Endocrine concentrations in stallions 
must be interpreted in terms of the stallion’s 
age and the season of the year, because both 
of these variables have significant effects on 
the concentrations of luteinizing hormone 
(LH) and testosterone in plasma (Douglas 
and Umphenour, 1992). Sexual stimulation 
can also cause significant increases in the 
peripheral concentrations of testosterone and 
should be avoided when obtaining baseline 
determinations (McDonnell, 1995). Because 
the secretion of gonadotrophins in the stallion 
is pulsatile, samples taken over the course of 
3 days may be more representative than a sin-
gle sample. Moreover, there appears to be a 
diurnal variation in hormone concentrations, 

which are highest around midday, and some 
authors suggest that endocrine sampling should 
be conducted before 9.00 a.m. (Roser, 2001).

The primary indication for endocrine 
diagnostics in the stallion is presumed tes-
ticular degeneration. In stallions, this occurs 
most often as an age-related, idiopathic con-
dition, often at or near the time of highest 
genetic and/or monetary value of the breed-
ing sire. Testicular function in the stallion 
depends upon the normal function of the 
hypothalamic-pituitary-testicular axis, with a 
carefully regulated endocrine control, as well 
as the local regulation of cell function, by 
autocrine and paracrine factors within the 
testis. The initiating cause for most cases of 
testicular degeneration is unknown, though it 
has been suggested that the primary deficit in 
idiopathic testicular degeneration is related 
to changes within the testis that subsequently 
result in alterations in spermatogenesis and 
circulating endocrine parameters (Varner et al.,
2000; Roser, 2001, 2008).

As in man, testicular degeneration in the 
stallion is frequently associated with elevated 
follicle-stimulating hormone (FSH) concen-
trations, whereas LH and basal testosterone 
are more variable but are often normal in 
sub-fertile stallions (Burns and Douglas, 1985; 
Douglas and Umphenour, 1992; Brinsko, 1996). 
In stallions with end-stage testicular degen-
eration, both FSH and LH may be increased, 
and basal testosterone declines late in the dis-
ease process, if at all (Burns and Douglas, 
1985; Roser and Hughes, 1992b). Douglas 
and Umphenour (1992) reported that a FSH 
increase and a decline in total oestrogens in 
the stallion were most useful in predicting a 
decline in fertility, and that increased FSH 
and decreased total oestrogens were most 
often highly correlated.

Roser and Hughes (1992a) reported that 
sub-fertile stallions had increased FSH and 
LH compared with fertile stallions; however, 
conjugated oestrogens were not different 
between these groups. In another study, Roser 
and Hughes (1992b) reported that although 
sub-fertile stallions had similar basal testoster-
one concentrations to fertile stallions, sub-fertile 
stallions had a significantly lower increase in 
testosterone following gonadotrophin-releasing 
hormone (GnRH) stimulation than did fertile 
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stallions. In a group of fertile, sub-fertile and 
infertile stallions, Roser (1995) also reported 
that infertile stallions had significantly lower 
inhibin and oestradiol, as well as signifi-
cantly higher LH and FSH (basal levels), 
compared with fertile stallions. While basal 
testosterone was not different between fer-
tile and infertile stallions, infertile stallions 
had a lower testosterone increase after the 
administration of human chorionic gonado-
trophin (hCG) than did fertile stallions. The 
clinical observations across these studies 
suggest that FSH increases relatively early 
with alteration (degradation) in testis func-
tion and that total oestrogens decline; in con-
trast, increases in LH are more variable, and 
basal testosterone does not decline until rela-
tively late in testicular degeneration (Roser, 
2001). A reduction in testosterone response to 
the administration of either GnRH or hCG 
suggests that there may be a primary defect 
at the level of the testis in some sub-fertile 
stallions, but the nature of this defect remains 
undetermined.

Response testing

Response testing has been advocated to fur-
ther evaluate changes in the hypothalamic-
pituitary-testicular axis. Both fertile and sub-
fertile stallions appear able to respond to 
GnRH stimulation with an elevation in LH and 
FSH, which implies that the pituitary in many 
of these stallions is capable of releasing gonad-
otrophins in response to GnRH. A single GnRH 
pulse test has been advocated to further differ-
entiate pituitary versus testis changes in the 
stallion. In this protocol, a single dose of GnRH 
(25 mg IV) is administered at 9.00 a.m., with 
blood samples taken at 30 min before admin-
istration, at administration and 30, 60 and 
120 min later (Roser, 2001). Samples are assayed 
for both testosterone and LH. Abnormal 
responses are characterized by failure to elicit 
an increase in both LH and testosterone after 
GnRH administration. A 50% increase over 
baseline values at 30 min post GnRH for LH 
and a 100% increase over baseline in tes-
tosterone at 2 h post GnRH have been sug-
gested as minimal parameters for assessing 
the response test (Blanchard et al., 2000b).

The administration of hCG has also 
been used to assess the ability of the testis to 
produce steroids, thereby bypassing the 
hypothalamic-pituitary axis (Roser, 1995). 
Roser (2001) suggested that testosterone 
response to hCG should be measured every 
30 min, beginning 1 h before to 6 h after 
administration of 10,000 IU hCG IV.

Other endocrine markers

In addition to gonadotrophins, other endo-
crine markers may be useful for evaluating 
reproductive function in stallions. Inhibin is 
a dimeric glycoprotein that is secreted by the 
Sertoli cells of the testis, primarily in response 
to FSH stimulation (Stewart and Roser, 1998). 
Inhibin, in turn, feeds back on the anterior 
pituitary gland to decrease FSH secretion in a 
negative feedback loop (Roser et al., 1994). 
Concentrations of inhibin vary with season 
(Stewart and Roser, 1998), and circulating inhi-
bin concentrations may be a reasonable marker 
of Sertoli cell number and function. Stewart 
and Roser (1998) reported that inhibin concen-
trations were lower in infertile stallions, and 
inhibin does appear to have clinical utility in 
evaluating the sub-fertile stallion. At present, 
the Clinical Endocrinology Laboratory at UC 
Davis provides inhibin immunoassays (the 
normal range in stallions is 2.2–3.4 ng/ml). 
Decreases in serum inhibin concentrations 
have been noted in stallions early in the course 
of testicular degeneration, and measurements 
of basal serum concentrations of oestrogen, 
inhibin and FSH appear to be the most useful 
in predicting changes in fertility; changes in 
basal LH and testosterone tend to occur late 
during the course of the condition.

Recently, Ball and colleagues examined 
another hormone that is produced by the 
Sertoli cells in the equine testis. Anti-Müllerian 
hormone (AMH) is a glycoprotein hormone 
that is first produced by Sertoli cells in the 
fetal testis; it is responsible for regression of 
the paramesonephric (Müllerian) duct (Claes 
et al., 2011). Secretion of AMH by the Sertoli 
cells continues in the post-natal testis, and the 
hormone may be important in regulating 
Leydig cell differentiation and testosterone 
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production (Ball et al., 2008). AMH is pro-
duced by Sertoli cells in the adult stallion and 
is detectable in both blood and the seminal 
plasma. Because AMH is a specific endocrine 
product of Sertoli cells, it may be a useful 
marker for Sertoli cell and testis function. In 
human males, AMH has been used as a marker 
for the detection of testis tissue in intersex 
and cryptorchid conditions (Lee et al., 2003; 
Demircan et al., 2006), and studies in men 
have attempted to relate AMH concentrations 
in seminal plasma to fertility (Fenichel et al.,
1999; Sinisi et al., 2008). Future studies should 
address the application of the AMH assay for 
similar uses in the stallion.

Testicular Biopsy in the Stallion

Introduction

Descriptions of a variety of techniques for tes-
tis biopsy in the stallion have appeared in the 
veterinary literature for the past 40+ years 
(Galina, 1971), yet the technique is still not 
widely applied in either routine or specialist 
clinical practice in the horse. Techniques 
described for obtaining a testis biopsy in the 
stallion include open techniques (DelVento 
et al., 1992), percutaneous needle biopsy 
using either manual split-needles (Tru-cut 
or Vim-Silverman needles) (Galina, 1971; 
Carluccio et al., 2003), or spring-loaded, self-
firing biopsy instruments (Bard – Biopty™)
(Faber and Roser, 2000; Roser and Faber, 
2007), or fine-needle aspiration (Leme and 
Papa, 2000). These techniques have been 
conducted with both general anaesthesia 
(DelVento et al., 1992; Bartmann et al., 1999) 
and as standing procedures under sedation 
(Faber and Roser, 2000; Leme and Papa, 2000; 
Roser and Faber, 2007).

As with many biopsy techniques, one 
of the challenges in obtaining testis biopsy 
samples is obtaining a representative or diag-
nostic sample for histopathological interpreta-
tion. Of the techniques described for testis 
biopsy, open biopsy procedures provide a 
larger tissue sample with fewer artefacts than 
samples obtained by needle biopsy or aspira-
tion (Roser and Faber, 2007). Needle biopsy 

techniques using manual split needles or 
spring-loaded biopsy instruments can also 
yield interpretable samples, though the diam-
eter of the biopsy needle appears to have a 
large impact on sample size and interpretation. 
In general, it appears that samples obtained 
with the spring-loaded biopsy instruments 
using a 14 gauge biopsy needle provide a super-
ior sample with reduced risk of damage to the 
testis parenchyma (Roser and Faber, 2007). 
Fine-needle aspiration of the testis yields an 
aspirate for cytological evaluation, which may 
be useful for diagnosis of testicular neoplasia 
or inflammation. However, for the evaluation 
of spermatogenesis in the stallion, experience 
in the interpretation of such cytological prepar-
ations is limited (Leme and Papa, 2000), and 
more information is required on the distribu-
tion of cells from the seminiferous epithelium 
to provide useful diagnostic information from 
fine-needle aspirates of the testis.

Techniques for testis biopsy

Selection of the biopsy location is an important 
consideration in obtaining a useful and inter-
pretable sample as well as in minimizing 
post-biopsy complications, particularly haem-
orrhage. Ultrasound evaluation of the testis 
may be a useful adjunct to help define focal 
lesions in the testis (such as suspect neoplasia) 
to be sampled by biopsy (Bartmann et al.,
1999). Practically speaking, in many cases of 
testicular neoplasia, an excisional biopsy of 
the testis obtained at orchiectomy may be the 
preferred method for diagnosis. In other situa-
tions, focal changes in the testis, or changes in the 
texture or ultrasonographic appearance of the 
testis, may dictate the site for biopsy.

Knowledge of testis blood supply is criti-
cal to avoiding major vessels and reducing 
the risk of haemorrhage subsequent to biopsy 
(Smith, 1974; Pozor, 2007). In approximately 
70 to 80% of stallions, there is a single testicu-
lar artery coursing along the caudal pole of 
the testis; the remaining 20 to 30% of stallions 
have two testicular arteries, one along the 
caudal pole of the testis and another artery 
(sometimes two) coursing laterally along the 
surface of the testis in the mid-to-cranial 
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portion of the testis. Venous drainage of the 
testis is conducted centrally through the testis 
via the relatively large, central vein, which is 
readily imaged via ultrasonography (Pozor, 
2005). Because most of the arterial supply 
to the testis is located along the caudal and 
ventral aspect of the testis, the cranial-lateral 
pole of the testis is typically selected for the 
biopsy site (Faber and Roser, 2000), taking 
care to avoid the head of the epididymis. 
Because the arterial supply to the testis is vari-
able in some stallions, ultrasound (± Doppler) 
evaluation of the testis may be useful for 
identifying those stallions in which a second 
or third testicular artery arborizes over the 
lateral aspect of the testis.

Because open biopsy techniques have 
more critical requirements for general anaes-
thesia, surgical preparation and possible post-
operative complications, they are infrequently 
used and will not be considered as part of the 
discussion of techniques for biopsy of the stal-
lion testis. Likewise, the manual split-needle 
techniques appear to provide more variable 
sample quality and a higher rate of complica-
tions and will not be further considered. The 
remaining two techniques, spring-loaded 
biopsy instruments and fine-needle aspiration 
have been described in detail (Faber and Roser, 
2000; Leme and Papa, 2000; Roser and Faber, 
2007), and will only be briefly reviewed here.

In general, testis biopsy using a spring-
loaded biopsy instrument, such as the Biopty™

instrument, can be performed in the standing 
stallion. If suitable stocks are available that 
allow access to the scrotum, the stallion can 
be restrained in stocks for the procedure. 
Generally, sedation using a combination of 
detomidine HCl and butorpanol will provide 
adequate restraint. As noted above, ultrasound 
evaluation of the testis may be useful for 
identifying focal lesions and also in helping 
to identify lateral branches of the testicular 
artery to be avoided. Once the site of the 
biopsy on the cranial-lateral pole of the testis 
has been identified, the scrotal skin is surgi-
cally prepared and infiltrated with 2% lido-
caine for local anaesthesia. The surgeon should 
make a small skin incision over the biopsy 
site to facilitate introduction of the Biopty™

needle. Once the skin is incised, the armed 
Biopty™ instrument is placed through the 

skin incision, the testis is pulled down into 
the scrotum, and the instrument is fired along 
the long axis of the testis to obtain the biopsy 
sample. If desired, the skin incision may be 
closed with a single interrupted suture; how-
ever, this is not necessary.

Careful handling of the biopsy sample is 
critical to avoid unnecessary artefacts, and 
careful fixation is required to preserve the 
biopsy. Although Bouin’s solution may pro-
vide optimum fixation of testicular tissue 
(Threlfall and Lopate, 1993), it is sometimes 
not widely available and may not be preferred 
by all pathology laboratories. If Bouin’s solu-
tion is used, the fixed tissue should be trans-
ferred to 70% ethanol within 24 h after fixation 
in Bouin’s solution. Alternatively, samples 
may be fixed in neutral-buffered formalin, 
though shrinkage and other artefacts may be a 
problem with this method of fixation.

Fine-needle aspirates of the testis have 
also been used in the stallion (Threlfall and 
Lopate, 1993; Leme and Papa, 2000; Roser 
and Faber, 2007). Preparation of the stallion is 
similar to that noted above for needle biopsy. 
Again, the sample should be taken from the 
cranio-lateral aspect of the testis. For fine-
needle aspirates, a 22 or 23 gauge 1½ in nee-
dle connected to a 5 ml syringe is introduced 
directly through the scrotal skin. Two to three 
needle passes are made through the testis 
parenchyma while applying negative pressure 
to the syringe. The pressure on the syringe 
is released, and the needle is withdrawn 
from the scrotum. The material obtained will 
be typically within the needle or needle hub 
and should be gently expelled onto a clean 
glass microscope slide, air dried and stained 
with Giemsa (Leme and Papa, 2000). The 
cytological evaluation of testis fine-needle 
aspirates is well described for humans (Meng 
et al., 2001), but there is relatively little infor-
mation available for the interpretation of such 
samples from the stallion, which currently 
limits the diagnostic use of this technique.

Complications of testis biopsy

Potential complications of testis biopsy 
include haemorrhage, infection, adhesions 



Plate 1. A stage VIII seminiferous tubular cross section from the stallion. Coloured arrows denote nuclei of individual
cells as follows: red – Sertoli cell; blue – young primary spermatocyte; green – old (pachytene phase) primary sperm-
atocyte; yellow – young spherical spermatid; orange – elongated spermatid. 
Plate 2. Disparity in the size of the scrotal versus cryptorchid testes of an approximately 4-year-old unilaterally crypt-
orchid stallion.
Plate 3. Protein kinetics at the sperm surface. (a) An atomic force microscopic surface view of a porcine sperm
head. (b) Lipid ordered microdomains at the sperm surface cluster into the apical ridge area of the porcine sperm
during in vitro capacitation. (c) Sperm-zona pellucida and sperm-oocyte interaction leading to fertilization. 1. Zona
binding, 2. acrosome reaction, 3. zona drilling, 4. oolemma binding and fertilization, 5. activation of pronucleus for-
mation and oocyte activation, 6. induction of a blockade for polyspermic fertilization. (Numbers in panel A refer to
the specific sperm surface areas where these interactions take place.)
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Plate 4. Examples of microscopy techniques: (a) bovine spermatozoa, phase contrast microscopy, low magnification;
(b) porcine spermatozoa, phase contrast microscopy, high magnification; (c) bovine spermatozoa, bright field 
microscopy, eosin–nigrosin stain; (d) ovine spermatozoa, bright field microscopy, bromophenol blue stain; 
(e) bovine spermatozoa, differential interference contrast (DIC) microscopy; (f) bovine spermatozoa, DIC 
microscopy; (g) bovine spermatozoa, fluorescence microscopy, SYBR-14 and PI (propidium iodide) staining; 
(h) bovine spermatozoa, fluorescence microscopy, rabbit anti-acrosin antibody labelled with anti-rabbit 
immunoglobulin conjugated to FITC (fluorescein isothiocyanate)/PI stain; and (i) bovine spermatozoa, scanning 
electron microscopy (SEM). (For photo credits, see Chapter 6, p. 123.)

(a)

(c)

(e)

(g) (h) (i)

(d)

(f)

(b)4



Plate 5. Histograms of flow cytometric analyses of bovine spermatozoa. Left: SYBR-14 and PI (propidium iodide)
stains; upper left quadrant – PI stained, dead spermatozoa, i.e. without intact membranes; upper right quadrant –
damaged cells, partial staining with SYBR-14 and PI; lower left quadrant – debris; lower right quadrant – SYBR-14
stained, viable spermatozoa, i.e. with intact membranes. Right: acridine orange stained cells – green fluorescent
(FL1) cells with double-stranded DNA, and red fluorescent (FL3) cells with single-stranded DNA. Figure courtesy of
Select Sires, Plain City, Ohio, USA.
Plate 6. Raising the front of the dog (wheel-barrowing) to facilitate palpation of the prostate. 
Plate 7. Measuring total scrotal width of the dog. 
Plate 8. Semen from a dog with prostate disease. Reprinted with permission from Clinical Canine and Feline Repro-
duction: Evidence-Based Answers, Wiley-Blackwell, ISBN: 978-0-8138-1584-8.
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Plate 9. Stained canine spermatozoa for morphology assessment. Note two normal spermatozoa, one with a proxi-
mal cytoplasmic droplet (primary defect) and one with a distal cytoplasmic droplet (secondary defect). Reprinted
with permission from Clinical Canine and Feline Reproduction: Evidence-Based Answers, Wiley-Blackwell, ISBN:
978-0-8138-1584-8.
Plate 10. Penile spines in the cat. Reprinted with permission from Clinical Canine and Feline Reproduction: 
Evidence-Based Answers, Wiley-Blackwell, ISBN: 978-0-8138-1584-8.
Plate 11. Electroejaculation equipment for use in domestic cats. Reprinted with permission from Clinical Canine and
Feline Reproduction: Evidence-Based Answers, Wiley-Blackwell, ISBN: 978-0-8138-1584-8.
Plate 12. Representative images of poultry spermatozoa stained with carbohydrate-specific lectins and viewed with
phase contract and fluorescence microscopy. (a) Sialic acid localization on the glycocalyx of chicken spermatozoa.
(b) Species-specific localization of α-galactose residues on the acrosome and nuclear regions of turkey spermato-
zoa. (c) Species-specific localization of α-galactose residues only on the acrosome regions of chicken spermatozoa.
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Plate 13. Peri-pubertal goat penis. Notice that the glans and urethral process are still attached to the prepuce.
Plate 14. Ram with right enlarged testicle detected during a breeding soundness examination. Upon ultrasound and
surgery, this was found to be a haematoma of the testicle itself, probably due to trauma.
Plate 15. Two different scrotal measuring tapes. The ReliaBull™ has a built-in tensioning system to ensure repeat-
ability of measurement.
Plate 16. White tailed deer buck anaesthetized and positioned in a lateral recumbency in preparation for electro-
ejaculation. 
Plate 17. Three different probes for electroejaculation of small ruminants. Top: Bailey Ejaculator with circular con-
tacts. Middle: Lane hand-held model with both a high and a low setting for rams and bucks (goats). Bottom: Lane
probe for small ruminants that can be attached to a power source. 
Plate 18. A three ventral electrode Lane probe for small ruminants attached to an external power source such as
the Pulsator IV (Lane Manufacturing Inc. Denver, Colorado).
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Plate 19. Scrotal adhesions in a stallion secondary to chronic epididymitis. Note the numerous fine, fibrous adhe-
sions between the parietal and visceral vaginal tunics (arrow).
Plate 20. Photomicrograph of a Diff-Quik stained semen smear showing numerous somatic cells, including multi-
nucleate cells from the seminiferous epithelium (arrow).
Plate 21. Fluorescent micrograph showing equine sperm co-stained with JC-1 and propidium iodide (PI). The mid-
piece of sperm, with high a mitochondrial membrane potential, is stained orange, and the nucleus of non-viable
sperm is stained red with PI.
Plate 22. Fluorescent micrograph showing equine sperm stained with fluoresceinated Pisum sativum lectin showing
the acrosome over the rostral sperm head.
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Plate 23. Anatomical specimen from a stallion showing an example of uterus masculinus (arrow). The structure lies
between the terminal portion of the ductus deferens (ampullae). 
Plate 24. Semen sample from a stallion with seminal vesiculitis. Note the large amount of flocculent debris with evi-
dence of mild haemorrhage.
Plate 25. Phase contrast microscopy of a semen sample from a stallion with seminal vesiculitis, showing sperm and
many somatic cells.
Plate 26. Anatomical specimen of a 5-month gestational age equine fetus showing the enlarged gubernaculum
(black arrow) in the inguinal canal, and the fetal testis (white arrow) in the caudal abdomen.

23 2524

26



Plate 27. Immunohistochemistry of a cryptorchid equine testis showing labelling for 17-α hydroxylase in Leydig cells
and abnormal seminiferous tubules. Testosterone production continues in the absence of normal spermatogenesis.
Plate 28. Seminoma in a stallion. Unilateral scrotal enlargement can be noted as a non-painful enlargement of the
right testis.
Plate 29. At necropsy, multiple seminomas were detected in the right testis.
Plates 30 and 31. Breeding-related injuries in a stallion. Plate 30. Pitting scrotal oedema. Plate 31. Penile trauma
with paraphimosis.
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Plate 32. Infrared thermography image of the scrotum of a normal Holstein bull. Note the left-to-right symmetry and
the decreasing surface temperature from the top to the bottom.
Plates 33–35. Abnormal conformation of rear feet and limbs are commonly found in extensively reared Brahman
bulls, all of which will be classified as unsound for breeding during routine breeding soundness evaluation (BSE).
Plate 33. Post-leg conformation in a full blood 20-month-old sire. Note the plane angle at the hock and stifle joints.
Plate 34. A 10-month-old Brahman bull showing toed-out forelegs. This problem provokes stress on the carpal joint
and pastern area.
Plate 35. Hind limbs of a 30-month-old bull showing the ‘cow-hock’ (toed-out) defect. This defect is usually seen in
conjunction with sickle-hock conformation.
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Plate 36. Normal preputial conformation. Note the preputial tip length in relation to the hock joint (black line) and the
cranial preputial fold that is synonymous with functional anterior preputial muscles.
Plate 37. Elongated preputial sheath in a 3-year-old Brahman sire. Note the lack of the cranial fold giving a ‘V-
shaped’ appearance.
Plate 38. A persistent penile frenulum in a 3-year-old Brahman bull.
Plate 39. Assessment of testicular consistency. Note how both testicles are held firmly, while pushing them to the
bottom of the sac; consistency is determined with the thumb from the top to the bottom of the gonad.
Plate 40. Measurement of scrotal circumference (SC). Note the arrangement of the restraint, which allows the prac-
titioner to gently pull the scrotum out of reach of the bull’s rear limbs.
Plate 41. Testicular asymmetry in a young (16-month-old) Brahman bull, which persisted into adulthood.
Plate 42. Pendulous scrotum in a 5-year-old Brahman sire. Note the bottom of the sac below the level of the hock
joint. 
Plate 43. Transrectal examination of internal genitalia in a Bos indicus bull. Note the simple characteristics of the
chute and the easy immobilization strategy that is routinely used, and also the position of the upper rear restraint at
the height of the bull’s thighs in order to avoid injuries in case the animal lies down during the examination.
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Plate 44. Cross section (×1050) of testis parenchyma from a mature boar stained with haematoxylin and eosin, and
identifying prominent cellular structures in the seminiferous tubule and peri-tubular areas. 
Plate 45. Equipment used for obtaining a semen collection via electroejaculation (EE) in the boar: (a) electroejacula-
tor; (b) rectal probe; and (c) atraumatic dressing forceps for exteriorizing the penis.
Plate 46. Testicle from a 4-year-old dromedary, lateral view. Note the relatively small size of the cremaster muscle.
Plate 47. Medial view of testicle from a 4-year-old dromedary. Note the relatively small size of the cauda epdidymis.
Plate 48. Glans penis of an alpaca. Note the cartilaginous process, which extends beyond the urethral orifice
(arrow).
Plate 49. Active poll gland in a rutting male dromedary.

48 49

46 47

44 45



Plate 50. Exteriorization of the soft palate in a rutting dromedary.
Plate 51. Excessive salivation and frothing shown by a rutting Bacterian camel.
Plate 52. Marking behaviour (rubbing of the poll gland secretions) of a male dromedary.
Plate 53. Preputial adhesions, abscessation and severe balanoposthitis in a male alpaca presenting with phimosis.
Plate 54. Ectopic testis in an alpaca.
Plate 55. Testicular (rete testis) cysts in an alpaca (post-castration specimen).
Plate 56. Fine-needle aspirate showing normal spermatogenesis (high cellularity) in an alpaca. 
Plate 57. Fine-needle aspirate showing poor spermatogenesis (low cellularity) in an alpaca.
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Plate 58. Histological view of testicular degeneration in an alpaca. Note the vacuolated aspect of the seminiferous
tubules and the absence of spermatogenic activity.
Plate 59. A large epididymal cyst in an alpaca.
Plate 60. Use of a battery-operated electroejaculation unit in the field. These units are available on a custom-made
basis and should be assessed for voltage and amperage delivery before use. 
Plate 61. The bifid glans penis of the echidna (Tachyglossus aculeatus) is divided into four urethral branches that
terminate in ‘flower-like rosettes’ (Carrick and Hughes, 1978). Photo: Nana Satake.
Plate 62. Using the Qualisperm™ system (Biophos AG, Geneva, Switzerland), sperm motility can be automatically
assessed using novel algorithms to detect single particles (spermatozoa) in confocal volume elements that project
individual spermatozoa on to a pixel grid of a CMOS camera and analyse the number of fluctuations using a correla-
tion function. There is a high throughput – four fields/min, and >2000 spermatozoa are usually analysed per sample
(courtesy of Prof. R. Rigler). 
Plate 63a–b. Sperm morphology can be studied in smears that are either stained (a) or examined using differential
interference contrast microscopy (DIC) (b).
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Plate 64a–b. Simultaneous flow cytometric (FC) evaluation of sperm viability (by SYBR 141/PI staining) and cell
concentration. (a) A classical dot plot depicting viable (green), dead (red) and dying (blue) sperm dots (relative
amounts). The magenta dots are the grouping of fluorescent micro beads (a standard control). Another representa-
tion is provided by (b), in which sperm viability and the presence of cell debris are shown in tri-dimensional form.
From Hossain et al. (2011) Asian Journal of Andrology 13, 406–419, with permission.
Plate 65. Changes in sperm membrane permeability can be microscopically determined using a combination of fluor-
escent probes (YO-PRO-1, SNARF-1, ethidium homodimer). The YO-PRO-1 positive cells (green, thick arrow) indi-
cate increased membrane permeability among viable, stable cells (SNARF-1 positive: brown, arrow heads) and
those undergoing membrane damage (SNARF-1/ethidium homodimer positive: green/red, hollow arrow) (courtesy
of Prof. Dr F.J. Peña Vega, Cáceres, Spain). 
Plate 66a–b. Plasma membrane asymmetry of spermatozoa, as a consequence of lipid destabilization, can be 
either assessed by flow cytometry using Merocyanine (Mero)-540/YO-PRO-1 labelling (a; contour plots) or by An-
nexin V/PI (propidium iodide) labelling (b; density plots). In both (a) and (b), viable cells with stable/unaltered or un-
stable/phosphatidylserine (PS)-exposed plasma membrane are located in the lower quadrants, while dead
spermatozoa appear in the upper quadrants. From Hossain et al. (2011) Asian Journal of Andrology 13, 406–419,
with permission.
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Plate 67. Simultaneous evaluation of sperm viability (membrane integrity) and acrosome integrity, determined, 
respectively, by SYBR-14/PI (propidium iodide) and PE-PNA (phycoerythrin conjugated peanut agglutinin) labelling.
Colour dot plot shows spermatozoa that are: viable, acrosome-intact (lower left quadrant); viable, acrosome-ruptured
(lower right quadrant); dead, acrosome intact (upper left quadrant); and dead, acrosome-ruptured (upper right quad-
rant). Green indicates viable cells, red indicates dead cells, blue indicates dying spermatozoa (evaluated as dead).
From Hossain et al. (2011) Asian Journal of Andrology 13, 406–419, with permission.
Plate 68a–b. Evaluation of mitochondrial membrane potential depicted as: (a), histogram of events when using flow
cytometry of spermatozoa loaded with Mitotracker Deep Red and showing either high (M1) or low (M2) membrane
potential; or (b), a dot plot of spermatozoa loaded with the JC-1 mitochondrial probe (5,59,6,69-tetrachloro-1,19,3,39-
tetraethylbenzimidazolyl-carbocyanine iodide). Sperm aliquots were examined before (red) or after (black) unpro-
tected plunge into liquid N2. From Hossain et al. (2011) Asian Journal of Andrology 2011, 13, 406–419, with
permission. 
Plate 69. Contour plot depicting the production of reactive oxygen species (ROS) in spermatozoa after being loaded
with hydroethidine and Hoechst 33258. The quadrants on the right show either viable (lower) or damaged (upper)
spermatozoa. The spermatozoa in the lower left quadrant are membrane intact and negative for ROS production.
From Hossain et al. (2011) Asian Journal of Andrology 13, 406–419, with permission.
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Plate 70a–d. Confocal laser microscopy images of stallion spermatozoa loaded with BODIPY-C11 (a probe from the
5-iodoacetamidofluorescein family) showing spermatozoa with areas of lipid peroxidation (LPO). (a) LPO-free sperm-
atozoa, non-oxidized probe, red fluorescence; (b) green oxidized probe; (c) transmission image; (d) overlaid
image – areas of lipid oxidation appear yellow (Bio-Rad MRC confocal microscope, 60× magnification). From Ortega
Ferrusola et al. (2009) Reproduction 138, 55–63, with permission.
Plate 71a–d. Spermatozoa from various species undergoing exploration of sperm DNA damage: (a) SCSA (sperm
chromatin structure assay); (b) COMET (single-cell gel electrophoresis assay); (c) SCD Halo (sperm chromatin dis-
persion test); and (d) TUNEL (terminal deoxynucleotidyl transferase-mediated fluorescein-dUTP nick-end labelling).
Courtesy of Prof. Dr J. Gosalvez, Madrid, Spain.
Plate 72a–b. Identification of the entire plasmalemma and of acrosome damage in bull spermatozoa using the
Live/Dead Fixable Red Dead Cell Stain Kit (Invitrogen L-23102) and Alexa Fluor488 PNA (L21409, green). In (a),
fluorescence and differential interference contrast (DIC) microscopy are merged to discriminate between spermato-
zoa with an intact plasma membrane and intact acrosome (not fluorescent) and those with a disrupted plasma mem-
brane (red tails and/or heads) or a ruptured acrosome (green fluorescence). (b) Flow cytometric contour plots of
these populations, with intact spermatozoa in the lower left quadrant and dead spermatozoa in the lower right quad-
rant. From Hossain et al. (2011) Asian Journal of Andrology 13, 406–419, with permission.
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within the tunics, the formation of anti-sperm 
antibodies and, possibly, testicular degenera-
tion associated with increased temperature 
due to inflammation secondary to the surgi-
cal procedure. Relatively little information 
exists on these complications in the stallion. 
In one study of open biopsy techniques 
(DelVento et al., 1992), nine stallions were 
examined for approximately a month after an 
open biopsy procedure. One month after 
biopsy, the stallions were castrated and both 
the control and biopsied testis were examined 
by histopathology. Granulation tissue and 
inflammation were noted at the biopsy site, 
and biopsied testes had increased degenera-
tion in spermatocytes and B spermatogonia 
in the region of the biopsy compared with 
control testes. This change was attributed to 
inflammation at the biopsy site. Figure 11.15 
shows a testicular haematoma subsequent to 
testicular biopsy in a stallion.

Fig. 11.15. Ultrasonogram of testicular hematoma 
subsequent to testicular biopsy in a stallion (arrows).

In another study following needle biopsy 
of the testis in seven stallions (Faber and 
Roser, 2000), there were no significant changes 
in semen parameters or fertility in stallions 
subsequent to testis biopsy. These investiga-
tors also examined both serum and seminal 
plasma for the presence of potential anti-
sperm antibody and did not detect changes 
in either IgG in serum or IgA anti-sperm 
antibody in the seminal plasma (Faber and 
Roser, 2000). Immediately after needle biopsy 
of the testis, local oedema was noted in six of 
seven stallions, and in one there was a diffuse 
oedema and increased local temperature, 
which resolved over the subsequent 5 days. 
These authors concluded that needle biopsy 
of the stallion’s testis using the Biopty™

instrument was a safe procedure without 
deleterious effects on fertility in the stallion. 
In another study, local oedema and haema-
tomas were noted transiently (3–7 days dura-
tion) in stallions undergoing testicular biopsy 
(Pearson et al., 2011).

In the author’s experience, needle biopsy 
of the testis in stallions using the Biopty™

instrument can be associated with scrotal 
oedema, haematocele and testicular haema-
tomas at a frequency that warrants caution 
in the selection of cases to be biopsied. 
Because of these complications, veterinarians 
should select cases for testicular biopsy 
under carefully considered indications, as 
discussed below.

Diagnostic indications for testis biopsy

Testis biopsy is well characterized and 
described in human andrology (Cerilli et al.,
2010). In humans, it is frequently used for 
the diagnosis of testicular neoplasia and, 
in azoospermic men, to help evaluate infer-
tility. In addition, testis biopsy may be used
in azoospermic men who are candidates 
for assisted reproductive techniques, such 
as intracytoplasmic sperm injection (ICSI) 
using testicular haploid germ cells (Cerilli 
et al., 2010).

In stallions, diagnostic criteria for testis 
biopsy are not as clearly defined as in men. In 
cases of azoospermia, it is important to 
exclude bilateral obstructive lesions of the 
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excurrent ducts as a cause of azoospermia. 
The determination of ALP in seminal fluids 
from azoospermic stallions may be useful in 
helping this diagnosis. ALP activity in 
seminal fluid from the stallion is relatively 
high, with a reported range of 1640–48,700 
IU/l (Turner and McDonnell, 2003); the 
enzyme appears to be derived primarily 
from epididymal secretions, with some con-
tributions from the testis. The activity of 
ALP is low (<90 IU/l) in pre-seminal fluid 
and in cases of bilateral obstructive azoo-
spermia secondary to ampullar blockage 
(Turner and McDonnell, 2003). If ALP activ-
ity in seminal fluids from azoospermic 
stallions is normal, then primary lesions of 
the seminiferous epithelium or bilateral 
obstruction of the epididymal duct are more 
likely causes to consider.

In stallions that have significant changes 
in the spermiogram, such as oligospermia 
(decreased number of sperm), asthenozoo-
spermia (low sperm motility) or teratozoo-
spermia (majority of sperm with abnormal 
morphology), a careful examination of ejacu-
lated spermatozoa may yield useful diagnostic 
information on the seminiferous epithelium 
(Veeramachaneni and Sawyer, 1996; Veerama-
chaneni et al., 2006). The determination of serum 
concentrations of gonadotrophins, particu-
larly FSH, may also provide useful informa-
tion on the hypothalamic-pituitary-gonadal 
axis in the stallion.

In addition to routine histological evalu-
ation, other assessments of testis function 
have been performed using tissue derived 
from biopsy. For example, determinations of 
the intra-testicular concentrations of oestra-
diol, testosterone and inhibin have been per-
formed from testis biopsies in the stallion 
(Faber and Roser, 2000). The evaluation of 
gene expression from mRNA derived from 
testicular biopsies in the stallion could 
provide information about testis function, 
and in pursuit of this, Das et al. (2010) have 
described methodologies for the isolation of 
total RNA from stallion sperm and testis 
biopsies. At present, however, the evaluation 
of testis biopsies in the stallion is limited pri-
marily to routine histopathological evalua-
tion (inflammation, neoplasia, etc.) and the 
assessment of spermatogenesis.

Conclusions

Although testis biopsy using needle biopsy 
techniques has been well characterized for 
many years in the stallion, the technique is 
used infrequently in clinical veterinary practice. 
Possible complications secondary to the tech-
nique include scrotal oedema, haematocele 
and testis haematoma formation, and such 
complications should be considered before 
undertaking the procedure. Indications for 
testis biopsy in the stallion include suspected 
testicular neoplasia and cases of azoospermia 
in which obstructive lesions have been 
excluded; information to determine whether 
or not spermatogenesis is occurring may be 
useful in future prognosis or management of 
the case.

Diseases of the Scrotum and Testis

Cryptorchidism

Cryptorchidism – the failure of one or both tes-
tes to descend properly into the scrotum – is a 
relatively common condition in the stallion and 
as such, a short discussion of the normal 
descent of the testis is in order (Bergin et al.,
1970). Differentiation of the gonad is complete 
near the end of the embryonic period (day 40). 
At this point, the fetal testis lies near the caudal 
pole of the kidney, and is supported by a fold of 
mesentery called the mesorchium. An evagina-
tion of this peritoneal fold (vaginal process) 
forms at about this time and will give rise to 
the inguinal ring. The testis is connected to the 
abdominal wall by a cord of mesenchyme 
called the gubernaculum (Plate 26). The guber-
naculum attaches to both the caudal pole of the 
testis and to the mesonephric duct, and will 
form the ligament of the tail of the epididymis, 
as well as the proper ligament of the testis. The 
gubernaculum appears to expand the inguinal 
canal to facilitate passage of the testis through the 
canal in late gestation or during the early post-
partum period. Around day 150, the developing 
cauda epididymis is drawn towards the inguinal 
ring, but the fetal testis is too large to pass 
through it at this stage. During the second half 
of gestation, the testis decreases in size and 
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typically passes through the inguinal canal 
during the last month of gestation, or shortly 
after birth.

Some 2 to 8% of male horses may be 
affected by cryptorchidism (Stickle and Fessler, 
1978; Cox et al., 1979). The condition appears to 
be related to a reduction of insulin-like peptide 
(INSL3), testosterone and/or their respective 
receptors during testicular descent (Basrur, 
2006). It has also been correlated with insuffi-
cient intra-abdominal pressure or reduction of 
testis size (Amann and Veeramachaneni, 2007). 
Once the cryptorchid condition is established, 
the undescended testis is subjected to elevated 
temperature, which negatively influences the 
development and differentiation of testicular 
somatic cells and germ cells (Pinart et al., 2000, 
2002; Huff et al., 2001).

The testis may be retained within the 
abdomen, within the inguinal canal (high 
flanker) or subcutaneously outside the scro-
tum (ectopic testis). The retention of the testis 
within the inguinal canal is usually unilateral, 
with the right and left testes affected with 
equal frequency. If the testis is retained within 
the abdomen, the epididymis may or may not 
extend into the inguinal canal. With abdom-
inal retention, the left testis is retained more 
frequently than the right (2:1). This pattern 
does not appear to apply to ponies, in which 
right-sided inguinal retention appears to be 
more common.

In addition to the disruption of normal 
spermatogenesis, cryptorchid testes appear 
to be at greater risk of neoplastic transfor-
mation (Edwards, 2008), and torsion may 
also occur in abdominally retained testes 
(Hunt et al., 1990). A genetic predisposition 
to cryptorchidism has been implied for 
many years, but there are no good studies 
on the genetics of the condition. There are 
breed predilections (the Standardbred, 
Quarter Horse and Percheron have a higher 
incidence), and this suggests some type of 
heritable basis (Hayes, 1986). The actual 
mechanism of inheritance (autosomal reces-
sive versus polygenic, etc.) has not been 
determined if, indeed, one exists. New tools 
in molecular biology are likely to prove very 
useful in assessing possible heritable factors 
associated with cryptorchidism in the stal-
lion based upon linkage analysis.

In males in which there is a history of a 
previous attempt to castrate the animal, or 
in those in which the history is unknown, 
other diagnostic tests may be required to 
identify a retained testis (Cox et al., 1986; 
Cox, 1999). Although spermatogenesis is 
arrested in the retained testis as a result of 
elevated temperature, the Leydig cells con-
tinue to secrete testosterone, and these ani-
mals will develop secondary sex traits 
(Plate 27). A number of endocrine assays 
have been used to distinguish cryptorchids 
from geldings. Elevated levels of oestrone 
sulfate are reported to be highly accurate in 
males over 3 years old for distinguishing 
a retained testis (Carneiro et al., 1998). 
Single samples for testosterone determina-
tion may also be used for diagnosis in some 
cases (geldings, 20 to 50 pg/ml, versus 
cryptorchids, 100–500 pg/ml), but there 
remains some debate over the use of these 
single samples. Further, the limit of sensi-
tivity for the detection of testosterone in 
some laboratories may mean that these val-
ues cannot be distinguished. Therefore, the 
use of an hCG (or GnRH) stimulation test is 
often recommended. For this test, concen-
trations of testosterone are compared before 
and 0.5–2 h after the administration of hCG. 
A more than twofold rise in testosterone is 
typically indicative of the presence of tes-
ticular tissue.

Orchitis

Bacterial orchitis is rare in stallions but has 
been reported secondary to infections by 
Streptococcus spp., Salmonella abortus equi, Brucella 
abortus and Corynebacterium pseuodotuber-
culosis (McEntee, 1990; Gonzalez et al., 2008). 
More commonly, orchitis results secondarily to 
a trauma to the testis (either a blunt or penetrat-
ing trauma) with contamination by a number of 
possible bacteria. Increased testicular tempera-
ture, ischaemia, infarction, pressure necrosis 
and abscessation of the testis may occur as a 
result of orchitis. Viral orchitis has been reported 
secondary to equine infectious anaemia, equine 
viral arteritis and influenza, and vascular 
lesions associated with these infections may 
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result in infarction of the testis. Aberrant migrat-
ing strongyle (redworm) larvae can also pro-
duce focal inflammatory lesions of the testis in 
stallions (Marino et al., 2009).

The developing primary spermatocytes, 
spermatids and spermatozoa are normally 
sequestered from the immune system beyond 
the blood–testis barrier. Damage to the testis 
or to the epididymis may allow extravasation 
of sperm and the exposure of sperm antigens, 
with subsequent formation of anti-sperm 
antibodies in the male (Kenney et al., 2000). 
This immune response may lead to the for-
mation of sperm granulomas with testicular 
degeneration if the process is severe enough.

Trauma to the scrotum and testis

Trauma to the external genitalia of the stallion 
is a common sequela to breeding accidents in 
which the stallion is kicked by the mare at mat-
ing. Such trauma often involves the prepuce 
and penis in addition to the scrotum and testis. 
Even if the trauma does not directly involve 
the testis, the resulting swelling and oedema in 
the region may act to insulate the scrotum, 
with marked effects on spermatogenesis as 
a result of thermal injury (Plate 30). Initially, 
frequent cold-water hydrotherapy should be 
used to reduce swelling. If the tunica albug-
inea is ruptured, then severe damage to the 
testis with haemorrhage and necrosis may 
result. If the tunica albuginea is not ruptured, 
then formation of a testicular haematoma may 
occur, with subsequent effects on the remain-
ing normal seminiferous epithelium. Often, 
the end result of traumatic or bacterial orchitis 
and periorchitis is marked testicular degenera-
tion. Treatment will include hydrotherapy, 
anti-inflammatories, antibiotics and unilateral 
orchiectomy – if only one testis is affected.

Torsion of the testis

Acute torsion (often greater than 180°) may 
result in ischaemic injury to the testis. 
Affected stallions may show evidence of colic 
and scrotal swelling. If the rotation is 180°, 

the cranial dislocation of the tail of the 
epididymis may identify it. Manual reduction 
of the torsion may be possible, but severe 
cases, with ischaemic damage to the testis, 
may result in venous congestion, oedema, 
increased intra-testicular pressure and ultim-
ately, testicular degeneration. Acute testicu-
lar torsion typically mandates orchiectomy 
because the affected testis is usually severely 
damaged as a result of vascular occlusion. 
A variety of ‘pexy’ procedures have been used 
in attempts to prevent vascular occlusion in 
stallions with testis rotation, but with vari-
able success (Threlfall et al., 1990). In some 
stallions, there appears to be an asymptomatic 
180° rotation, which may occur transiently. 
Seminal parameters have been reported to be 
reduced in these stallions.

Testicular degeneration

Testicular degeneration can result from a 
variety of factors and often, by the time a 
diagnosis is made, the aetiology is not known. 
The degeneration may be unilateral or bilateral, 
and may be focal or widespread. Typically, 
there is a generalized loss of germ cells, vacu-
olization, mineralization and thickening of 
the basement membrane of the seminiferous 
tubules. In advanced testicular degeneration, 
the Sertoli cells and Leydig cells may also be 
lost. There are a variety of inciting factors that 
may be associated with the condition; these 
include thermal damage, trauma, radiation, 
nutritional imbalances, heavy metals, ana-
bolic steroids, vascular lesions, neoplasia 
and age-associated degeneration. It may be 
difficult clinically to distinguish testicular 
degeneration from hypoplasia. There may 
be a moderate-to-marked reduction in testis 
size in either condition. Over time, testicular 
degeneration may be associated with fibrotic 
changes that result in a very firm, small 
testis. In such cases, calcification can be 
confirmed by ultrasonography. Testicular 
biopsy may be useful in confirming testicu-
lar degeneration.

Thermal injury to the testis has been 
well characterized for a number of species. In 
the stallion, the acute application of thermal 
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damage (by scrotal insulation) results in a 
rapid decrease in the number of normal, motile 
spermatozoa in the ejaculate. If the thermal 
insult becomes chronic, the ability of the testis 
to recover normal function may be impaired 
and testicular degeneration may occur.

Exogenous anabolic steroids have a sig-
nificant negative effect on spermatogenesis in
most males, including the stallion. Although 
such agents may be used to improve muscling 
or performance, they also have a profound 
negative effect on spermatogenesis (Blanchard, 
1985; Garcia et al., 1987). By elevating the levels 
of circulating androgens, there is a negative 
feedback on the hypothalamic-pituitary axis, 
with a reduction in production/release of 
go  nadotrophins. The reduction in LH secretion 
results in a reduced production of testosterone 
by Leydig cells and a reduction in the high 
local levels of testosterone in the seminiferous 
tubules. Normally, the local concentration of 
testosterone in the testis is 100× higher than 
the circulating levels, but the administration 
of exogenous steroids may reduce circulating 
LH concentrations by 50%, with a concomitant 
reduction in the locally high levels of testoster-
one needed to support normal spermatogen-
esis. The result is a reduction in testis mass and 
in daily sperm output in stallions that receive 
exogenous steroids. These effects may persist 
for some time after the administration of ster-
oids and it may require 6 to 12months for recov-
ery of normal spermatogenesis after the steroid 
therapy is discontinued.

Testicular neoplasia

There are a variety of neoplasms reported in 
the testis of stallions. These include semino-
mas, teratomas, Sertoli cell tumours, Leydig 
cell tumours, dysgerminomas and mast cell 
tumours (Smyth, 1979; Stick, 1980; Schönbauer 
and Schönbauer-Längle, 1983; Trigo et al.,
1984; Hunt et al., 1990; Brinsko, 1998; Pollock 
et al., 2002; Edwards, 2008). There is no good 
data on the relative frequency of these 
tumours in the stallion, because most male 
equids are castrated at an early age. However, 
seminomas and teratomas appear to be the 
most common. Most testicular tumours are 

unilateral and present with a painless swell-
ing of one testis. The seminal parameters may 
be normal or abnormal depending on the 
influence of the enlarged testis on the remain-
ing normal testis. Seminomas and Leydig cell 
tumours occur most often in aged stallions and 
may be present in either normally descended 
or cryptorchid testes. Teratomas are more 
often reported in retained testes (McEntee, 1990). 
The ultrasonographic appearance of these 
tumours varies, and relatively few reports
have characterized the appearance of these 
tumours in the stallion testis. In one report, the 
ultrasonographic appearance of a seminoma 
was characterized as diffusely hypoechoic 
with heterogeneous areas of increas  ed 
echogenicity (Beck et al., 2001). Seminomas 
frequently metastasize, and examination of 
the spermatic cord and abdominal cavity may 
be useful for detecting metastatic disease 
(Plates 28 and 29). Ultrasonography (at a high 
resolution of 7.5 mHz) may be useful in the 
detection of some of these tumours earlier 
than is possible by palpation alone. Biopsy 
or fine-needle aspiration of the testis may be 
useful diagnostically.

Diseases of the Scrotum, Tunica 
Vaginalis and Spermatic Cord

Inflammatory conditions of the testis may 
often extend to involve the surrounding 
tunics, resulting in a periorchitis. If such 
lesions are extensive, significant adhesions 
may result between the testis and tunica 
vaginalis, which may interfere with thermo-
regulation of the testis, even after the inflam-
mation has resolved.

Hydrocele

A hydrocele is an abnormal collection of fluid 
(typically serous fluid) between the visceral 
and parietal layers of the tunica vaginalis. It 
may result from either inflammatory or non-
inflammatory conditions. Because the vaginal 
cavity communicates directly with the periton-
eal cavity, ascites may result in secondary 
hydrocele. In some cases, a hydrocele develops 
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without an obvious aetiology. Transient 
hydrocele may be noted in stallions exposed 
to high environmental temperatures. Diagnosis 
of a hydrocele may be made by palpation if 
there is a significant accumulation of fluid. 
Ultrasonography may be very useful for 
localizing the swelling present in the scrotum 
to a focal accumulation of hypoechoic mate-
rial within the vaginal tunics. Careful aseptic 
aspiration of the fluid accumulation may be 
useful for diagnosis based on a cytological 
examination of the fluid recovered, although 
great care is required to prevent the introduc-
tion of bacteria, which may result in sepsis. 
Persistent accumulation of fluid within the 
tunica vaginalis may result in reduced fertil-
ity because of abnormal thermoregulation of 
the affected testis.

Inguinal/scrotal hernia

Hernias involving the inguinal canal and 
scrotum of the stallion typically involve pas-
sage of abdominal contents (intestine or mes-
entery) through the vaginal ring and into the 
vaginal cavity. Most inguinal hernias in the 
stallion appear to be congenital and occur as 
a result of an enlarged vaginal ring. Some 
authors have suggested a possible heritable 
basis for such hernias, but this has not been 
well established. Many of these hernias 
appear soon after birth and are often easily 
reduced manually. Some of them appear to 
be self-correcting by the time the foal is 3 to 
6 months of age. The presenting complaint in 
these cases is typically a soft, non-painful, 
unilateral inguinal or scrotal swelling. Unless 
the condition persists, there is typically no 
need for treatment. In a few cases, these her-
nias may become incarcerated and require 
surgical correction.

Acquired inguinal or scrotal hernias may 
occur in breeding-age stallions and are often 
associated with acute colic resulting from an 
incarcerated intestine. The scrotum is enlarged 
and the viscera may be palpated per rectum 
as they enter the inguinal canal. Non-surgical 
reduction of such hernias may be attempted, 
but surgery may be necessary to reduce the 
hernia if there is strangulated intestine present 
(Schneider et al., 1982; Van der Velden, 1988). 

Acquired hernias may be associated with 
stallions that have enlarged internal inguinal 
rings; there appears to be a predisposition to 
herniation during mating by the stallion.

Varicocele

Varicocele refers to an abnormal distension of 
the pampiniform plexus of the testis. In man, 
such lesions have been associated with 
reduced fertility, apparently due to abnormal 
thermoregulation. Though common in human 
males, varicoceles appear to be rare in the 
stallion (Varner et al., 1991). The presence of a 
grossly enlarged venous plexus can be detec-
ted by both B-mode and Doppler ultrasonog-
raphy in the region of the spermatic cord 
(Pozor, 2005). In human males, the presence of 
varicocele is associated with increased abnor-
malities in the spermiogram, and anecdotal 
evidence suggests that stallions with varico-
cele may also have a suppression of semen 
quality (Pozor, 2007).

Diseases of the Excurrent 
Duct System

The efferent ductules (10–23 per testis) con-
duct spermatozoa from the rete testis to the 
head of the epididymis. In some cases, these 
ductules may be blind ending and they may 
occasionally become distended with secretion 
in the area of the head of the epididymis. 
Epididymal cysts have been detected ultra-
sonographically in the caput epididymis of 
the stallion, and anecdotal evidence suggests 
that these cysts may be associated with ejacu-
latory problems (Pozor, 2005). The origin of 
the cysts has not been defined, but they may 
be derived from blind-ended efferent duct-
ules that fail to fuse during formation of the 
epididymal duct, or possibly represent cysts 
of the appendix epididymis, a remnant of the 
mesonephric duct (McEntee, 1990; Love, 
1992). The cysts may also be noted in stallions 
in which no decline in semen parameters has
been noted; however, rupture of blind-ending 
efferent ductules can also lead to sperm 
granuloma formation in the caput epididymis, 
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possibly resulting in obstructive lesions of the 
epididymal duct (Pozor and Garncarz, 2006).

While rare, segmental aplasia of the 
excurrent duct system has been reported in 
stallions with failure of formation of the 
epididymis (McEntee, 1990; Blanchard et al.,
2000a) and vas deferens (Estrada et al., 2003) 
occurring either unilaterally or bilaterally.

Epididymitis

Bacterial epididymitis is rare in stallions, 
although it has been reported (Held et al., 1990; 
Traub-Dargatz et al., 1991; Brinsko et al., 1992). 
It is likely to be present in many cases of infec-
tious orchitis in the stallion. Acute epididymi-
tis may be associated with pain. Chronic cases 
may also be associated with abscessation and 
adhesion formation. Diagnosis may be based 
on clinical signs and palpation. Inflammatory 
cells are typically present in the ejaculate. 
Therapy may be based on antibiotic treatment 
after culture and sensitivity testing. Severe 
cases often result in hemiorchiectomy.

Sperm accumulation syndrome 
(spermiostasis)

Some stallions appear to have an abnormal 
retention of spermatozoa within the excurrent 
duct system, with an accumulation of sperm-
atozoa (Love et al., 1992; Varner et al., 2000). 
Retained spermatozoa appear to undergo 
degenerative changes within the excurrent 
duct system, and ejaculates from these stal-
lions may be characterized by a high sperm 
concentration (>500 million/ml), low motil-
ity and a high percentage of detached heads. 
In some cases, sperm and epithelial cell debris 
may form casts that appear within the ejacu-
late. Occasionally, spermatozoa may form 
obstructive plugs that are retained within the 
distal ductus deferens resulting in unilateral 
(or bilateral) obstruction of the ductus defer-
ens. In these stallions, transrectal ultrasonog-
raphy of the accessory glands may reveal an 
asymmetric dilation of one ampullar lumen 
due to obstruction (if the lesion is unilateral).

In cases of azoospermia, it may be useful 
to evaluate the levels of ALP in the collected 

fluid. This enzyme is secreted in high concen-
trations by the epididymis and testis. As such, 
it serves as a marker for the contribution of 
the epididymis to the fluid collected from an 
azoospermic stallion (Turner and McDonnell, 
2003), and may be used to distinguish azoo-
spermia secondary to ejaculatory failure from 
a primary azoospermia associated with the 
testis. Management of these cases may include 
the administration of 10 to 20 IU oxytocin 
immediately before semen collection in an 
attempt to dislodge the obstruction (Love et al.,
1992). Alternatively, prostaglandin F2a analogues 
(cloprostenol 50 mg IM), given approximately 
15 min before collection or ejaculation, may 
also be used (D.D. Varner, personal communica-
tion). The ejaculate collected immediately after 
relief of the obstruction is characterized by 
a high sperm number, a high percentage of 
detached heads and the appearance of sperm 
plugs or casts (Card, 2005). More frequent or 
regular semen collection or mating schedules 
may be needed to prevent spermiostasis in 
these stallions.

Diseases of the Accessory 
Sex Glands

Diseases of the accessory glands of the stal-
lion appear to be rare compared with those in 
other males, such as the bull. Bacterial infec-
tions have been reported and include many 
of the common bacterial pathogens such 
as Pseudomonas, Klebsiella, Streptococcus and 
Staphylococcus spp. These infections may 
involve any of the accessory glands, but those 
most commonly involved appear to be the 
vesicular glands. In the acute phase, the stal-
lion may have pain and refuse to ejaculate. 
There may be evidence of gross contamination 
of the ejaculate with pus or blood. More often, 
these infections are chronic and the stallion 
does not show evidence of pain on ejacula-
tion or palpation of the internal genitalia. 
In these cases, there is often a general deterio-
ration of semen quality, with PMNs detected 
in the ejaculate. Further differentiation of the 
source of the infection requires a careful 
physical examination to distinguish orchitis 
or epididymitis from involvement of the 
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accessory glands. Urethroscopic examination 
of the stallion may allow direct sampling of 
the vesicular gland for cytology and culture 
(Varner et al., 2000). Therapy of these chronic 
cases is often difficult. Antibacterial agents do 
not reach many of the accessory glands in 
high levels. Drugs such as trimethoprim/sulfa 
or fluoroquinolone antibiotics may be reason-
able choices if bacterial sensitivity indicates 
that they may be effective. Surgical vesiculec-
tomy has been conducted in the stallion; 
however, it remains uncertain as to the effec-
tiveness of this method in correcting chronic 
infections, partly because other accessory 
glands may be involved in addition to the 
vesicular glands.

Diseases of the Penis and Prepuce

Paraphimosis

Paraphimosis refers to the failure to retract the 
penis into the prepuce as a result of preputial 
injury or disease. Because this condition in the 
stallion often is due to trauma (such as a kick 
injury during mating), in many cases there is 
injury to both the penis (balanitis and/or phal-
litis) and to the prepuce (posthitis). After 
injury, oedema and swelling of the prepuce 
may prevent retraction of the penis into the 
prepuce (Plate 31). After a few hours, impaired 
venous and lymphatic drainage from the penis 
result in further oedema and swelling of the 
penis. The corpus cavernosum of the penis 
may become engorged with blood. If this con-
dition persists, the skin of the prepuce becomes 
friable, desiccated and, eventually, gangrenous 
due to vascular stasis.

Therapy of this condition following an 
injury to the stallion requires prompt atten-
tion to prevent the self-perpetuating cycle of 
oedema and penile injury. If possible, the 
penis should be replaced into the prepuce 
and retained with a modified stallion sup-
porter, or possibly with stay sutures. Stay 
sutures appear to be a less desirable method 
because of their tendency to cause further 
oedema of the prepuce and also because they 
often ‘cut out’ over a period of days. Swelling 
of the penis may be reduced by manual massage, 

by short-term application of an elastic band-
age, or by application of a pneumatic band-
age. Cold water hydrotherapy may also be 
used, along with anti-inflammatories to 
reduce inflammation in the acute phases. If 
the prolapsed penis can be manually reduced, 
the prognosis for recovery is often fair to 
good. If the penis is chronically prolapsed, 
then severe damage with necrosis and fibrosis 
often results.

Priapism

Priapism refers to a persistent penile tumes-
cence without sexual arousal. The cause is 
often unknown, but it has been associated 
with the administration of some phenothia-
zine tranquillizers. These result in relaxation 
of the smooth muscles of the retractor penis 
muscles and also in enlargement of the vascu-
lar spaces within the corpus cavernosum. It is 
believed that priapism results from a sludging 
of blood within the vascular sinuses accompa-
nied by a reduction in venous outflow. In the 
acute phase, the use of the cholinergic blocker 
benzotropine mesylate (8 mg IV) has been 
suggested to relieve the problem (Sharrock, 
1982; Wilson et al.,1991). Surgical treatment 
has been used also to lavage the corpus caver-
nosum with heparinized saline to remove the 
sludged blood or to establish vascular shunts 
between the corpus cavernosum and corpus 
spongiosum. The prognosis for return to 
service of the stallion is typically poor.

Infectious conditions

The skin of the penis and prepuce of the stal-
lion often has a number of microorganisms 
that may represent a normal microflora of 
this region. In addition, a number of poten-
tially infectious agents have been isolated 
from the prepuce and penis of the stallion. 
Potential infections that may be transmitted 
venereally include: P. aeruginosa, K. pneumo-
niae, Streptococcus spp., E. coli, T. equigenitalis
(the causative agent of CEM), equine arteritis 
virus (EAV; the causative agent of equine 
viral arteritis – EVA), equine herpesvirus 3 
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(EHV-3; the causative agent of equine coital 
exanthema) and Trypanasoma equiperdum (which 
causes dourine).

Bacterial infections

Both P. aeruginosa and K. pneumoniae have 
been established as true venereal pathogens 
that may be transmitted from the stallion to 
the mare at mating. It has been suggested that 
other bacteria (such as Streptococcus spp. and 
E. coli) may also be carried by the stallion and 
transmitted during coitus. Colonization of the 
penis or prepuce of the stallion with P. aeruginosa
or K. pneumoniae is typically not associated 
with any clinical signs in the stallion. In some 
cases, these infections may become very per-
sistent, and eliminating the causative organisms 
can be difficult. The most common problem 
associated with P. aeruginosa and K. pneumoniae
is the appearance of post-breeding endometri-
tis caused by these organisms in mares bred 
by stallions that harbour them.

Wet environments appear to be associated 
with persistence of P. aeruginosa. Likewise, it 
has been shown that frequent use of disin-
fectants or antibacterial soaps may alter the 
normal microflora of the penis, allowing colo-
nization by P. aeruginosa or K. pneumoniae.
Therefore, it is routinely recommended to 
prepare the stallion for semen collection or 
mating by washing with clean water only and 
cotton wool without soaps or disinfectants. 
Heavily encapsulated strains of K. pneumoniae
(K5) have been implicated more frequently 
as venereal pathogens in the stallion, and 
capsule typing may be useful to identify a 
potentially venereal type of K. pneumoniae.
Control of these venereal infections can be 
accomplished via AI with antibiotic-treated 
semen extenders in breeds that allow AI. In 
breeds that do not allow AI, the use of mini-
mum contamination techniques may help to 
reduce transmission. Parenteral antibiotic treat-
ment of the stallion is typically not very effect-
ive in eliminating these infections. Topical 
treatments of the penis have been used with 
some success. For P. aeruginosa, acidification of 
the penile skin may be useful. This can be accom-
plished with dilute HCl (10 ml of reagent 
grade (38%) HCl in 1 gal, i.e. 4.5 l, water) 

applied daily for 2 weeks. For K. pneumoniae,
a topical application of dilute sodium hypo-
chlorite (45 ml of 5.25% bleach in 1 gal water) 
for 2 weeks may be effective. Careful hygiene 
during the examination or insemination of 
mares is important because these organisms 
can also be transmitted mechanically.

Contagious equine metritis (CEM)

CEM is a venereally transmitted bacterial 
infection caused by T. equigenitalis, which was 
first described as an outbreak in 1977. In 
mares, the infection results in an acute endo-
metritis with a prominent mucopurulent vul-
var discharge about 8 to 10 days after mating 
with an infected stallion. There are no clinical 
signs in the stallion. Although most infected 
mares clear the organism, a few remain per-
sistently infected and may also serve as a 
reservoir of the infection. The clitoral sinuses 
appear to be a frequent residual site for 
T. equigenitalis in mares, while the organism 
appears to persist on the penis and urethral 
fossa of the stallion. T. equigenitalis is diffi-
cult to culture without special conditions. 
A number of serological assays have been used 
(including complement fixation, agglutina-
tion and ELISA); however, these assays are 
not reliable in the stallion, apparently because 
the superficial nature of the infection does not 
elicit a consistent immune response. Control 
schemes for this infection rely on a number of 
techniques to limit its spread. Cultures are 
also taken from the clitoris and uterus of the 
mare. In stallions, test matings to known neg-
ative mares are used, and the mares are sam-
pled by culture and by serology to detect 
transmission. Cultures of the penis are taken 
and topical antibacterial therapy (with chlor-
hexidine solution, followed by nitrofurazone 
ointment) is also used in the stallion to elimi-
nate the infection.

Coital exanthema

The lesions of equine coital exanthema are 
typically limited to the external genitalia of 
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the mare and stallion; transmission is usually 
by the venereal route or, potentially, by mechan-
ical transmission. The disease is most often 
self-limiting and is characterized by the for-
mation of typical herpesvirus lesions consist-
ing of vesicles and pustules that may become 
secondarily infected. Treatment consists of 
enforced sexual rest and possibly topical anti-
biotics to reduce secondary bacterial infec-
tions. Infection by EHV-3 is not associated 
with abortion disease in the horse.

Behavioural Dysfunction 
in the Stallion

In the domesticated environment, the stallion 
is considerably removed from the natural 
behavioural responses that are associated 
with reproductive behaviour in feral horses. 
For example, the stallion is frequently isolated 
from all mares except at mating, and may not 
be allowed the opportunity to interact with 
mares at all except at the time of mating. 
Often, human intervention determines when 
a mare is ready to be mated and, in some 
cases, the stallion is not exposed to mares at all 
when semen is collected for AI via a phantom 
mount. Young stallions that are in training 
may be negatively conditioned or disciplined 
when displaying sexual arousal at an inappro-
priate time; mechanical aids such as a stallion 
ring or brush may be used to discourage erec-
tion or masturbation in the stallion. These 
alterations from the normal ‘harem’ breeding 
units that are established in feral horses pre-
sent a potential problem in behavioural dys-
function in stallions that has been most 
intensely studied by Dr S.M. McDonnell at the 
University of Pennsylvania (McDonnell et al.,
1987; McDonnell, 1992, 2001).

The sexual behaviour of domestic stal-
lions is strongly influenced by experience, and 
negative sexual experiences by a young stal-
lion may have profound detrimental effects 
on their sexual behaviour at later times. 
Established routines become very important, 
and the stallion often responds best when this 
routine is maintained in the breeding shed.

McDonnell and co-workers have charac-
terized sexual behaviour problems in stallions 

(McDonnell et al., 1987; McDonnell, 1992, 2001). 
Approximately 50% of their cases involved 
problems with sexual arousal/interest (poor 
libido) while another 25% were related to ejacu-
latory dysfunction. Aggressiveness and self-
mutilation were less frequent problems. Slow 
arousal is a common problem in novice stal-
lions, and often all that is required is careful 
and patient handling with a quiet mare in 
good oestrus. Mature, experienced stallions 
may also suffer from poor libido and, classi-
cally, this has been associated with overuse, 
injury or pain during the breeding season. 
Other stallions may show preferences (or dis-
likes) for a particular handler or mare. Stallions 
that have a very high libido may also present a 
problem in a hand mating or AI setting. These 
stallions may present difficulty in teasing, 
washing or in charging the mare to be bred. 
Experienced stallion handlers appear to be the 
best option for dealing with such stallions.

Therapy for sexual behavioural dis-
orders in stallions has been addressed only 
recently. Behavioural modification through 
careful training or retraining of stallions may 
be the most effective. Pasture breeding with a 
quiet mare in strong oestrus may be a useful 
method in many cases, particularly with a 
novice stallion. Another behavioural therapy 
recommended by McDonnell and co-workers 
includes the ‘novelty’ effect. A change of rou-
tine is used in an attempt to affect either a 
positive or negative trait. Sometimes the 
‘voyeur’ effect can be used, in which a stallion 
is allowed to watch an experienced stallion 
during mating. In general, androgen therapy 
should be avoided because of the strong neg-
ative feedback effect on spermatogenesis by 
exogenous androgens. McDonnell cites some 
effect in slow breeding stallions through the 
use of GnRH therapy (50 mg GnRH) 2 h before 
breeding and again at 1 h before. The use of 
anxiolytic agents (diazepam 0.05 mg/kg IV – 
up to a maximum of 20 mg) a few minutes 
before breeding has also been useful in some 
slow breeding novice stallions.

Ejaculatory Dysfunction

A stallion that shows good libido, mounting 
and intromission but fails to ejaculate even 
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after repeated mounts can be even more frus-
trating and perplexing than a stallion with poor 
libido. The two most common ejaculatory dys-
functions described by Dr McDonnell include 
failure of ejaculation and urine contamination 
of semen during ejaculation. Failure of ejacula-
tion may occur with apparently normal libido, 
mounting and intromission. If the condition 
persists, the stallion eventually becomes 
frustrated and may also begin to show other 
behavioural abnormalities. These ‘psycho-
genic’ cases of ejaculatory dysfunction should 
be distinguished from ejaculatory dysfunction 
due to some physical cause. Factors such as 
hind limb lameness, back pain, pleuritis or 
aorto-iliac thrombosis (McDonnell et al., 1992) 
may lead to poor intromission, or other signs 
of pain, during mating. Some of these stallions 
may vocalize during thrusting or may dis-
mount suddenly with a complete erection.

Persistent urospermia may present with 
either gross contamination of the semen with 
urine or with more subtle changes in which 
the ejaculate manifests poor motility without 
the noticeable presence of urine. The pattern of 
urine contamination of the ejaculate appears to 
vary; however, contamination often appears to 
occur after ejaculation is complete. In some 
stallions, the possibility of neurological disease 
should be considered particularly if other signs 

of hind limb paresis are present. Imipramine 
therapy has been used successfully in the ther-
apy of persistent urospermia (Turner et al., 1995).

Therapy for ejaculatory dysfunction 
requires some attempt to characterize the 
underlying disorder. If physical pain is pre-
sent, then the use of anti-inflammatories (phe-
nylbutazone) may be useful. Cases that do not 
appear to have any physical pain present a 
greater challenge. Some stallions appear to 
benefit from careful retraining, as mentioned 
earlier. Pharmacological therapy may also be 
useful. Alpha-adrenergic agonists such as 
noradrenaline (0.01 mg/kg IM) or phenylpro-
panolamine have been used with some success. 
More recently, xylazine (which has both a1
and a2 effects) has been used to stimulate 
ejaculation without copulation in stallions. 
Tricyclic antidepressants have received consider-
able attention as a means of treating ejacula-
tory dysfunction in stallions. Imipramine (500 
to 800 mg IV or 100–500 mg orally/day) has 
been used with some success for stallions with 
ejaculatory dysfunction (McDonnell, 2001). Both 
prostaglandins and oxytocin have been used 
on an anecdotal basis for therapy of ejacula-
tory dysfunction, but neither appear to be par-
ticularly useful except perhaps for stallions 
with ejaculatory failure due to spermiostasis 
and sperm accumulation in the ampulla.

Note

1 From: Ball, BA. Diagnostic methods for evaluation of stallion subfertility: a review. Journal of Equine Veterinary 
Science. 28:650–665, 2008.
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Introduction

Application of knowledge on bovine andrology 
can increase reproductive efficiency, which is an 
imperative for the cattle sector sustainability in 
a world with increasing protein demand and 
ever more scarce resources. Within this context, 
the objective of this chapter is to provide a sum-
mary of the available literature to aid dedicated 
professionals in their quest to feed the world.

Sexual Development

Hormonal control of sexual development

The process of sexual development in bulls 
involves complex maturation mechanisms 
of the hypothalamic-pituitary-testicular axis. 
Sexual development can be divided into three 
periods according to changes in gonadotroph-
ins and testosterone concentrations, namely 
the infantile, prepubertal and pubertal periods. 
The infantile period is characterized by low 
gonadotrophin and testosterone secretion 
and extends from birth to approximately 
2 months of age. A transient increase in gon-
adotrophin secretion occurs from approxi-
mately 2 to 6 months of age; this so-called ‘early 

* E-mail: leo.brito@genusplc.com

gonadotrophin rise’ characterizes the prepu-
bertal period, during which testosterone con-
centrations also begin to rise. The pubertal 
period corresponds to the period of accelerated 
reproductive development that occurs after 
6 months of age and until puberty. During this 
period, gonadotrophin secretion decreases, 
whereas testosterone secretion continues to 
increase (Rawlings et al., 1978; Lacroix and 
Pelletier, 1979; McCarthy et al., 1979a,b; Amann 
and Walker, 1983; Amann et al., 1986).

Although the timing of sexual devel-
opment is determined primarily by the 
hypothalamus and gonadotrophin-releasing 
hormone (GnRH) secretion, the mechanisms 
regulating GnRH secretion during sexual 
development in bulls are poorly understood. 
Gonadotrophin concentrations during the 
infantile period are low mainly due to 
reduced GnRH secretion. Maturation changes 
within the hypothalamus increase the pulse 
secretion of GnRH, driving the transition 
from the infantile to the prepubertal period of 
development through increased secretion of 
gonadotrophins. Increased GnRH secretion is 
dependent on either the development of 
central stimulatory inputs or the removal of 
inhibitory inputs. The weight of the hypo-
thalamus and its GnRH content do not 
increase during the infantile period, but 
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hypothalamic concentrations of oestradiol 
receptors decrease after 1 month of age, lead-
ing to suggestions that reduced sensitivity 
to sex steroids could be involved in the 
augmented GnRH secretion in bulls (Amann 
et al., 1986).

However, the hypothesis that gonado-
trophin secretion is low during infancy due to 
elevated sensitivity of the hypothalamus to 
the negative feedback of sex steroids (the 
gonadostat hypothesis) has been questioned 
in bulls, because castration did not alter the 
pulse frequency of luteinizing hormone (LH) 
or its mean concentrations before 2 months of 
age (Wise et al., 1987). Nevertheless, as GnRH 
secretion into hypophyseal portal blood was 
not necessarily accompanied by LH secretion 
during the infantile period in bulls, experi-
ments that use LH concentrations to infer 
GnRH secretion patterns during the infantile 
period in calves should be interpreted with 
caution (Rodriguez and Wise, 1989). Another 
possibility is that removal of opioid inhibition 
and/or increased dopaminergic activity may 
be involved in triggering the increase in 
GnRH secretion during the infantile period. 
Opioid inhibition of LH pulse frequency 
during the infantile period was demon-
strated by increased LH secretion between 1 
and 4 months of age in Hereford calves 
treated with naxolone, an opioid receptor com-
petitive antagonist (Evans et al., 1993), whereas 
concentrations of noradrenaline, dopamine 
and dopamine metabolites increased twofold 
to threefold in the anterior hypothalamic-
preoptic area in Holstein calves between 0.5 
and 2.5 months of age (Rodriguez et al., 1993).

The direct evaluation of blood samples 
from the hypophyseal portal system demon-
strated that GnRH pulsatile secretion 
increased linearly from 2 weeks (3.5 pulses/10 h) 
to 12 weeks of age (8.9 pulses/10 h) in bull 
calves. Although GnRH secretion into hypo-
physeal portal blood was detected at 2 weeks, 
pulsatile LH secretion was not detected in 
jugular blood samples before 8 weeks of age. 
In addition, GnRH pulses were not necessarily 
accompanied by LH secretion until 8–12 weeks 
of age, when all GnRH pulses resulted in LH 
pulses. The increase of pulsatile GnRH release 
from 2 to 8 weeks of age without a concomi-
tant increase in LH secretion may represent 

a reduced ability of the pituitary gland to 
respond to stimulus by GnRH (Rodriguez 
and Wise, 1989). The period in which GnRH 
pulses did not stimulate LH secretion corre-
sponded to the period during which there 
was an increase in pituitary weight, GnRH 
receptor concentration and LH content (Amann 
et al., 1986). Moreover, frequent GnRH treat-
ments during the infantile period in calves 
increased pituitary mRNA for the LH beta 
subunit (LH-b), LH content and GnRH recep-
tors, with resulting increases in LH pulse fre-
quency and mean concentrations (Rodriguez 
and Wise, 1991), indicating that increased 
GnRH pulse frequency results in increased 
pituitary sensitivity to GnRH. With time, the 
increased GnRH secretion results in the 
increased LH pulse frequency observed during 
the prepubertal period.

During the early gonadotrophin rise that 
is characteristic of the prepubertal period, 
there is a transient increase in LH and follicle-
stimulating hormone (FSH) concentrations 
from approximately 2 to 6 months of age 
(Figs 12.1 and 12.2). Concentrations decrease 
thereafter and remain at levels only slightly 
greater than those observed during the infan-
tile period. The main factor responsible for 
increased gonadotrophin concentrations is 
the increase in GnRH pulse secretion, as dem-
onstrated by a dramatic increase in LH pulse 
frequency. The number of LH pulses increased 
from less than one a day at 1 month of age to 
approximately 12/day (≥1 pulse/2 h) at 
approximately 4 months of age. Changes in 
pulse amplitude during this period were not 
consistent among reports; amplitude was 
either reduced, unchanged or augmented. 
Pulsatile discharges of FSH have been 
observed in bulls, but are much less evident 
than those of LH (Amann and Walker, 1983; 
Amann et al., 1986; Evans et al., 1995, 1996; 
Aravindakshan et al., 2000).

LH binding sites in testicular interstitial 
tissue were present in bulls at birth and at 
4 months of age, and pulsatile LH secretion 
is an essential requirement for Leydig cell pro-
liferation and differentiation, and for the main-
tenance of fully differentiated structure and 
function (Schanbacher, 1979). Hypophy-
sectomy, the suppression of gonadotrophins by 
steroid administration, or neutralization of 
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GnRH/LH by specific antibodies, caused 
Leydig cell atrophy and loss of cellular volume, 
reduction in the number of LH receptors and 
steroidogenic enzyme activity, and a decrease 
in the ability to secrete testosterone in response 
to LH. The characteristic pulsatile nature of LH 
secretion is important for testosterone production, 
because continuous exposure of Leydig cells to 

LH resulted in reduced steroidogenic respon-
siveness owing to the downregulation of LH 
receptors (Saez, 1994). The initiation of Ley-
dig cell steroidogenesis is characterized by 
increased androstenedione secretion, which 
decreases as the cells complete maturation and 
begin secreting testosterone. During the first 3 
to 4 months of age, testosterone concentrations 
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are low and secretion does not necessarily 
accompany LH pulses. After this age, LH 
pulses are followed by testosterone pulses and 
mean testosterone concentrations began to 
increase (Fig. 12.1). Various studies have shown 
that the number of testosterone pulses increased 
from 0.3–2.3 pulses/24 h at 1–4 months of age 
to 9–7.5 pulses/24 h at 5 months of age 
(Rawlings et al., 1972, 1978; Lacroix and 
Pelletier, 1979; McCarthy et al., 1979b).

FSH binding sites in seminiferous tubu-
les were detected in bull calves at birth 
and at 4 months of age, and increased FSH 

concentrations stimulated the proliferation of 
undifferentiated Sertoli cells and gonocytes 
(Schanbacher, 1979). While there is consider-
able evidence that FSH is essential for normal 
Sertoli cell function, the period of Sertoli cell 
differentiation coincides with the initiation of 
testosterone secretion by the Leydig cells, 
indicating that testosterone may be involved 
in promoting the maturation of undifferenti-
ated Sertoli cells. Maturation of Sertoli cells 
and increased testosterone secretion are prob-
ably also involved in the differentiation of 
gonocytes into spermatogonia. The end of the 
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prepubertal period is marked by completion 
of Sertoli cell differentiation, with the estab-
lishment of the blood–testis barrier, forma-
tion of the tubular lumen and initiation of 
germ cell meiosis (Amann, 1983). In Holstein 
calves, circulating inhibin concentrations either 
increased around 3 months of age before 
decreasing, or decreased continuously after 
birth until 6.5–8 months of age (MacDonald 
et al., 1991; Matsuzaki et al., 2001).

The crucial role of the early gonadotro-
phin rise (especially the LH secretion pattern) 
in regulating sexual development in bulls has 
been demonstrated in several studies, using 
a variety of approaches. Prolonged treatment 
with a GnRH agonist in calves from 1.5 to 
3.5 months of age decreased LH and FSH pulse 
frequency, pulse amplitude and mean concen-
trations at 3 months of age, delayed the peak 
mean LH concentration from 5 to 6 months of 
age, and reduced FSH and testosterone con-
centrations from 3.5 to 4.5 months of age. 
These hormonal alterations were associated 
with delayed puberty and reduced paired 
testes weight and number of germ cells in 
tubular cross sections at 11.5 months of age. 
Conversely, treatment with GnRH every 2 h to 
mimic pulsatile secretion from 1 to 1.5–2 months 
of age increased LH pulse frequency and 
mean concentration during the treatment 
period, and also resulted in greater scrotal cir-
cumference (SC), paired testes weight, semi-
niferous tubule diameter, and number of germ 
and Sertoli cells in tubular cross sections at 12 
months of age (Chandolia et al., 1997a,b; 
Madgwick et al., 2008). The LH secretion pat-
tern during the prepubertal period is associ-
ated with age at puberty in bulls raised in 
contemporary groups, suggesting that this is 
the physiological mechanism by which genet-
ics affects sexual development. Studies have 
shown that LH pulse frequency was greater 
at around 2.5 to 5 months of age and that 
mean LH concentrations increased earlier and 
reached greater maximum levels in early- than 
in late-maturing Hereford bulls (age at puberty 
9.5 and 11 months, respectively) (Evans et al.,
1995; Aravindakshan et al., 2000). Moreover, 
other studies have indicated that the effects of 
nutrition on sexual development are mediated 
through effects on LH secretion patterns (Brito 
et al., 2007b,c,d).

Reduced gonadotrophin secretion marks 
the end of the prepubertal period and the 
beginning of the pubertal period. The rapidly 
increasing testosterone secretion and, possi-
bly, increased hypothalamic sensitivity to neg-
ative feedback from androgens are probably 
responsible for the decrease in LH secretion, 
whereas inhibin produced by Sertoli cells may 
act on the gonadotrophs to limit FSH secretion, 
because immunization with inhibin antise-
rum resulted in a marked increase in FSH con-
centrations in prepubertal bulls (Kaneko et al.,
1993; Rawlings and Evans, 1995). Testosterone 
pulse frequency did not increase after the 
peri-pubertal period and remained at approx-
imately 4.5 to 6.8 pulses/24 h from 6 to 10 months 
of age. However, pulse amplitude increased 
during the pubertal period, with consequent 
increase in testosterone mean concentrations 
until approximately 12 months of age. Eleva-
ted testosterone secretion is essential for 
increasing the efficiency of spermatogenesis 
that eventually leads to the appearance of 
sperm in the ejaculate (Rawlings et al., 1972, 
1978; McCarthy et al., 1979a,b; Rodriguez and 
Wise, 1991).

The mechanisms controlling reproduc-
tion and energy balance are intrinsically 
related and have evolved to confer reproduc-
tive advantages and guarantee the survival of 
species. The neural apparatus, which is 
designed to gauge metabolic rate and energy 
balance, has been denoted the body ‘meta-
bolic sensor’. This sensor translates signals 
provided by circulating (peripheral) concen-
trations of specific hormones into neuronal 
signals that ultimately regulate the GnRH 
pulse generator and control the reproductive 
process. Metabolic indicator hormones may 
serve as signs to the hypothalamic-pituitary-
gonadal axis and affect sexual development. 
The patterns of some of these hormones have 
been studied in growing beef bulls (Fig. 12.1). 
In contrast to those species in which circulat-
ing concentrations of growth hormone (GH) 
continue to increase until after puberty, GH 
concentrations decreased during the pubertal 
period in bulls (Brito et al., 2007a,d). Dif-
ferences in the stage of body development at 
which each species attains puberty are likely 
to be responsible for the different GH profiles 
among species. Accordingly, the GH profile 
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in bulls seems to indicate that a relatively 
advanced stage of body development must 
be attained before the gonads produce sperm 
efficiently. The differences in GH secretion 
among species may be due to the regulatory 
role of steroids on GH secretion. In some 
other species, steroids stimulate GH secre-
tion, but GH concentrations did not differ 
between intact bulls and castrated steers (Lee 
et al., 1991). Furthermore, decreasing GH con-
centrations during the sexual development of 
bulls are observed along with increasing 
testosterone concentrations, indicating that 
steroids do not have a positive feedback on 
GH secretion in bulls, as they do other species 
(Brito et al., 2007a,d).

Circulating concentrations of insulin-
like growth factor I (IGF-I) in calves increased 
continuously and only reached a plateau 
(or decreased slightly) after sexual development 
was mostly completed after 12–14 months of 
age; increasing circulating concentrations of 
IGF-binding protein 3 and decreasing con-
centrations of IGF-binding protein 2 were 
also observed during sexual development 
(Renaville et al., 1993, 1996, 2000; Brito et al.,
2007a,b,c,d). The concomitant decrease in cir-
culating GH concentrations and increase in 
IGF-I concentrations during sexual develop-
ment in bulls indicates that there are either 
drastic changes in liver sensitivity to GH or 
that other sources are responsible for IGF-I 
production. A possible IGF-I source might be 
the testes, as Leydig cells are capable of 
secreting this hormone in other species. 
Observations that intact bulls tended to have 
greater IGF-I concentrations than castrated 
steers at 12 months of age further support the 
hypothesis that the testes might contribute 
substantially to circulating IGF-I concentra-
tions during the peri-pubertal and pubertal 
periods in bulls (Lee et al., 1991). Close tem-
poral associations observed in a series of 
nutrition studies strongly suggest that circu-
lating IGF-I might be involved in regulating 
the GnRH pulse generator and the magnitude 
and the duration of the early gonadotrophin 
rise in beef bulls (Brito et al., 2007b,c,d).

A possible effect of IGF-I on testicular ster-
oidogenesis in bulls has also been suggested. 
Leydig and Sertoli cells both produce IGF-I, 
indicating the existence of paracrine/autocrine 

mechanisms of testicular regulation involv-
ing IGF-I (Bellve and Zheng, 1989; Spiteri-
Grech and Nieschlag, 1992). It is assumed 
that most of the IGF-I in the testes is produced 
locally, and that circulating IGF-I may play a 
secondary role in regulating testicular devel-
opment and function. However, the temporal 
patterns and strong associations among circu-
lating IGF-I concentrations, testicular size 
and testosterone secretion observed in bulls 
receiving different nutrition argue for a pri-
mary role for this hormone (Brito et al.,
2007b,c,d). This primary role of increased cir-
culating IGF-I during the pubertal period 
may be to promote the increase in testoster-
one concentrations by regulating Leydig cell 
multiplication, differentiation and matura-
tion. Because testosterone has been shown to 
upregulate IGF-I production and IGF-I recep-
tor expression by Leydig and Sertoli cells 
(Cailleau et al., 1990), the establishment of a 
positive feedback loop between IGF-I secre-
tion and testosterone production may be 
important for sexual development.

Circulating leptin and insulin concentra-
tions also increased during the pubertal 
period in bulls. Notwithstanding, develop-
mental and nutritional differences in LH 
pulse frequency were not related to differ-
ences in leptin or insulin concentrations in 
beef bulls (Brito et al., 2007b,d). Other studies 
have also demonstrated that leptin did not 
stimulate in vitro GnRH secretion from hypo-
thalamic explants or gonadotrophin secretion 
from adenohypophyseal cells collected from 
bulls and steers maintained at an adequate 
level of nutrition (Amstalden et al., 2005). 
These results indicate that the role of these 
hormones in regulating GnRH secretion, if 
any, might be purely permissive in bulls.

Postnatal testicular development and 
establishment of spermatogenesis

The testicular growth curve in bulls is sigmoidal 
with an initial period of little growth followed 
by a rapid growth phase and then by a plateau. 
Figure 12.3 illustrates the changes in testicular 
length and width, as well as in SC in young 
beef (Angus and Angus cross) bulls on ade-
quate nutrition. Figure 12.4 shows regression 
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Fig. 12.3. Scrotal circumference (SC) and testicular dimensions according to age in Angus and Angus × 
Charolais bulls (n = 111) receiving adequate nutrition (L. Brito, unpublished).

curves for SC and paired testes weight (PTW) 
in dairy (Holstein and Jersey) bulls.

Although the overall pattern of testicular 
growth is similar in all breeds, the characteris-
tics of the growth curve are greatly affected by 
genetics. In general, the rapid growth phase is 
shorter and testicular growth plateaus sooner 
in bulls from breeds that mature faster (reach 
puberty earlier) than in bulls from late-maturing 
breeds, resulting in marked differences in the 
slope of the curve. In addition, the asymptotic 
value of the curve, i.e. adult testicular size, also 
differs considerably among breeds (Coulter 
and Keller, 1982; Coulter et al., 1987b; Gregory 
et al., 1991; Pratt et al., 1991; Johnson et al., 1995; 
Bell et al., 1996; Lunstra and Cundiff, 2003). 
These same differences can be observed within 
breed between early- and late-maturing bulls, 
which emphasizes the effects of genetics on 
bull testicular growth (Evans et al., 1995).

Testicular growth is accompanied by 
marked histological changes. The testicular 
intertubular cell population is composed of 
mesenchymal-like cells, fibroblasts, Leydig 
cells, peri-tubular cells and mononuclear cells. 
At around 1 to 2 months of age, mesenchymal-
like cells made up the majority of the cells in 
the testicular interstitial tissue. These pluripo-
tent cells proliferated by frequent mitoses and 
were the precursors of Leydig cells, contractile 

peri-tubular cells and fibroblasts. Approximately 
20–30% of all intertubular cells at all ages were 
mononuclear cells, including lymphocytes, plasma 
cells, monocytes, macrophages and light inter-
calated cells (monocyte-derived, Leydig cell-
associated typical cells of the bovine testis). The 
thickness of the tubular basal lamina was 
approximately 3 mm at 4 months of age, but 
decreased continuously to 1.2 mm at 5 months 
of age. Mesenchymal-like cells transformed 
into peri-tubular cells with elongated nuclei 
at 4 months of age, while these, in turn, trans-
formed into contractile myofibroblasts at 
6 months of age (Wrobel et al., 1988).

Leydig cells are present in the testes from 
birth to adulthood. At approximately 1 month of 
age, most (70%) intertubular cells were mesen-
chymal-like cells with a high mitotic rate. Typical 
Leydig cells constituted about 6% of all intertubu-
lar cells and a number of these cells were found in 
an advanced degenerative state, probably as 
remnants of the fetal Leydig cell population. 
Degenerating fetal and newly formed Leydig 
cells coexisted until 2 months of age, but only 
Leydig cells formed postnatally were observed 
thereafter. At 2 months of age, Leydig cells 
accounted for approximately 20% of all intertubular 
cells and comprised 10% of the total testicular 
volume. At approximately 4 months of age, the 
mesenchymal-like cells ceased proliferation 
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and transformed into contractile peri-tubular 
cells or Leydig cells, thus decreasing the 
proportion of mesenchymal-like cells to 
approximately 20%. At 5 months of age, 
undifferentiated mesenchymal-like cells were 
rare and the Leydig cell population increased 
by mitotic proliferation. Newly differentiating, 
intact and degenerating Leydig cells were 
observed in close proximity from 4 to 7 months 
of age. The Leydig cell population found in 
the adult bull was present at approximately 
7 months of age, as mitosis after this age was 
rare (Wrobel, 1990).

Leydig cell mass increased from 0.15 g/
testis at 1 month to 5.8 g/testis at 7–8 months 
of age. After this, Leydig cell mass increased 
slowly but continuously to reach about 10 g 
in the young adult testis at 24 months of age. 
Nuclear and whole Leydig cell volumes 
increased from 1 to 4 months of age, but then 
remained unchanged up to 12 months of age. 
However, from approximately 12 to 24 months 

of age there was a considerable increase in 
nuclear and whole Leydig cell volumes.
Leydig cell numbers per testis increased from 
1 to 7 months of age (0.42 to 6 billion, respec-
tively) and remained unchanged after that. 
Therefore, the increase in Leydig cell mass 
after 7 months of age was a result of hypertro-
phy and not hyperplasia. Leydig cell mito-
chondrial mass increased from 1 to 4 months 
of age and remained relatively constant up to 
10 months of age, but then more than doubled 
from that age until approximately 24 months 
of age (Wrobel, 1990). Functional maturation 
of Leydig cells was observed to involve the 
expression of steroidogenic enzymes and 
the production of testosterone, although the 
age-dependent expression of steroidogenic 
enzymes did not parallel changes in the 
numbers of Leydig cells in the testis (Waites 
et al., 1985).

Undifferentiated Sertoli cells (also 
referred to as undifferentiated supporting 
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Fig. 12.4. Regression curves for scrotal circumference (SC) and paired testes weight (PTW) according to 
age in Holstein and Jersey bulls. The relationship of SC to testicular weight with age is best described by 
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SC = –4.67 + (47.26 × (log age)) – (11.74 × (log age)2) (Coulter et al., 1975). Holstein SC3: 
measurements (n = 9614) were obtained from bulls 6–77 months old; SC = –11.75 + (56.7 × (log age)) – 
(15.3 × (log age)2) (ASB Global Inc., unpublished). Holstein PTW: measurements were obtained from 
bulls (n = 250) 19–184 months old; PTW = –368.8 + (952.2 × (log age)) – (180.3 × (log age)2) (Coulter 
and Foote, 1976). Jersey SC measurements (n = 1,038) were obtained from bulls 7–75 months old; 
SC = –0.6814 + (40.26 × (log age)) – (10.27 × (log age)2) (ABS Global Inc., unpublished data).
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cells or pre-Sertoli cells) were present in the 
seminiferous tubules at birth and were 
the predominant intra-tubular cells from 
birth until approximately 4 months of age. 
Undifferentiated Sertoli cells had little mitotic 
activity until 1 month of age, but cell multipli-
cation was maximal between 1 and 2 months 
of age, and subsequently decreased until 
approximately 4 months of age. At this age, 
undifferentiated Sertoli cells entered the 
G0-phase of the cell cycle for the rest of the 
bull’s life. With the end of the proliferative 
phase, undifferentiated Sertoli cells began to 
transform into adult-type Sertoli cells. The 
differentiation process of Sertoli cells during 
sexual development included distinct morph-
ological changes in the cell shape, nucleus 
and cellular organelles, as well as an increase 
in surface specialization and subsequent 
interaction with other Sertoli cells and germ 
cells (Sinowatz and Amselgruber, 1986).

At approximately 1 month of age, undif-
ferentiated Sertoli cells were characterized by 
round or oval nuclei with numerous flakes of 
heterochromatin dispersed throughout the 
nucleoplasm. Lateral cell membranes of 
neighbouring presumptive Sertoli cells con-
tained few interdigitations and no special 
junctional complexes. Between 4 and 5 months 
of age, opposing cell membranes of adjacent 
undifferentiated Sertoli cells started to develop 
extended junctional complexes above the 
spermatogonia and in the basal portion of 
the tubules. The nuclei of these cells became 
more elongated and irregular, a vacuolar 
nucleolus characteristic of the mature cell 
developed, and the clumps of heterochromatin 
present at younger ages disappeared. Most 
Sertoli cells had completed their morphological 
differentiation and attained adult structure 
by 6 to 7 months of age. Junctional complexes 
consisting of many serially arranged points 
or lines of fusion involving neighbouring 
Sertoli cell membranes could be observed. 
These junctions formed a functional blood–
testis barrier and divided the tubular epithe-
lium into a basal compartment containing 
spermatogonia and an adluminal compart-
ment (connected to the lumen) containing 
germ cells at later stages of spermatogen-
esis (Abdel-Raouf, 1960; Sinowatz and 
Amselgruber, 1986; Wrobel, 2000). In Holstein 

bulls, the number of adult-type Sertoli cells 
increased dramatically from 202 to 8862 mil-
lion cells/testis between 5 and 8 months of 
age (Curtis and Amann, 1981).

Intense germ cell proliferation occurred 
from 50 to 80 days post conception, but the 
germ cells entered a prolonged G1- or G0- 
phase and no mitotic activity was observed 
until after birth in bulls. At birth, the germ cell 
population was composed solely of gonocytes 
(also referred to as prespermatogonia or prepu-
bertal spermatogonia). Gonocytes were usu-
ally centrally located and had a large nucleus 
(~12 mm in diameter) with a well-developed 
nucleolus (Fig. 12.5). Germ cell proliferation 
slowly resumed between 1 and 2 months of 
age, when seminiferous tubule diameter was 
approximately 50–80 mm. Gonocytes were 
gradually displaced to a position close to the 
basal lamina and divided by mitosis, origin-
ating A-spermatogonia. Differentiation and 
degeneration resulted in the complete disap-
pearance of gonocytes from the seminiferous 
tubules by 5 months of age.

Germ cell proliferation reached a maxi-
mum between 4 and 8 months of age (tubule 
diameter 80–120 mm), representing the 
expansion of the spermatogonial stem cell. 
In Holstein bulls, the number of spermato-
gonia increased from 1.8 × 106 cells/testis at 
4 months of age to 3.8 × 109 cells/testis at 
8 months of age; the number of spermato-
gonia continued to increase until approximately 
12 months of age (Curtis and Amann, 1981). 
A-spermatogonia divided mitotically to form 
In- and B-spermatogonia, which, in turn, 
entered meiosis at around 4–5 months of age, 
when primary spermatocytes were first 
observed. The numbers of primary spermato-
cytes increased slowly until 8 months of age, 
when they exceeded the number of spermato-
gonia. Secondary spermatocytes and round 
spermatids first appeared at approximately 
6–7 months of age, whereas elongated sperm-
atids appeared at around 8 months of age. 
The number of spermatids increased rapidly 
and, after 10 months of age, spermatid num-
bers exceeded the numbers of any other germ 
cell. Mature sperm appeared in the seminifer-
ous tubules at approximately 8–10 months of 
age (Fig. 12.5). Testes weighing more than 100 g 
in Swedish Red-and-White bulls, or more 
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than 80 g in Holstein bulls, were likely to be 
producing sperm (Abdel-Raouf, 1960; Curtis 
and Amann, 1981; Evans et al., 1996; Wrobel, 
2000; Bagu et al., 2006).

Testicular cellular development was 
accompanied by a progressive increase in the 

proportion of the testicular parenchyma 
occupied by seminiferous tubules until 
approximately 8 months of age. Seminiferous 
tubule diameter increased gradually from 2 
to 5 months of age, and more rapidly from 6 
to 10 months of age, increasing fivefold from 

(a)

(c)

(e) (f)

(h)(g)

(b)

(d)

Fig. 12.5. Testicular development and initiation of spermatogenesis in bulls. At 2 months of age, the 
interstitial tissue occupies most of the testicular parenchyma (a), seminiferous cords are lined by 
undifferentiated Sertoli cells, and centrally located gonocytes with large nuclei can be observed (b). 
Between 4 and 6 months of age a cord lumen begins to develop, and gonocytes migrate towards the 
basement membrane, differentiating into spermatogonia (c, d). Formation of the tubular lumen is 
evidence of a functional blood–testis barrier (e) and precedes the appearance of primary spermatocytes 
and spermatids between 6 and 8 months of age (f). With continuous increase in diameter, seminiferous 
tubules occupy most of the testicular parenchyma, and mature sperm appear in the seminiferous tubules 
at approximately 8 to 10 months of age (g, h).
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birth until adulthood. Around 6 months of 
age, ‘cracking’ of the tubular cytoplasm was 
first detected, indicating formation of the 
tubular lumen. Formation of the tubular 
lumen was evidence of a functional blood–
testis barrier and preceded the appearance of 
primary spermatocytes and more advanced 
germ cells. Tubular lumen diameter contin-
ued to increase until approximately 8 months 
of age. Total seminiferous tubule length 
increased from 830 m/testis at 3 months of 
age to 2010 m/testis at 8 months of age in 
Holstein bulls. Therefore, increases in the 
proportion of parenchyma that was occupied 
by seminiferous tubules, as well as increases 
in the tubular diameter and the total length of 
seminiferous tubules per testis, accounted for 
initial testicular growth up to 8 months of 
age; thereafter, testicular growth was primar-
ily the result of increasing total seminiferous 
tubule length (Abdel-Raouf, 1960; Curtis 
and Amann, 1981). Testicular echogenicity 
increased at about 6 and 10 months of age in 
beef bulls, accompanying the testicular histo-
logical changes. When data were analysed 
according to age at puberty, testicular echo-
genicity started to increase 16 to 12 weeks 
before puberty and reached maximum values 
4 weeks before or at puberty. These observations 
indicate that a certain developmental stage of 
the testicular parenchyma must be reached 
before puberty and that the composition of 
the parenchyma remained consistent after 
puberty (Brito et al., 2012a).

The accelerated testicular growth 
observed after 6 months of age in bulls occurs 
when circulating gonadotrophin concentra-
tions are decreasing, which points to the 
existence of important GnRH-independent 
mechanisms regulating testicular develop-
ment. The period of accelerated testicular 
growth coincides with increasing circulating 
IGF-I and leptin concentrations, and strong 
associations between these hormones and 
testicular size have been observed in growing 
beef bulls (Brito et al., 2007a,d), indicating 
that metabolic hormones may be involved 
in regulating GnRH-independent testicular 
development. As there was no association 
between circulating metabolic hormones and 
gonadotrophin concentrations, the possible 
effects of metabolic hormones on testicular 

growth were apparently direct and independ-
ent of the hypothalamus and pituitary. 
Although IGF-I and leptin concentrations 
were associated with testicular size, there 
were no associations between these hormones 
and seminiferous tubule diameter and area, 
seminiferous epithelium area, or volume 
occupied by the seminiferous tubules (L. Brito, 
unpublished). These observations suggest 
that increased circulating IGF-I and leptin 
concentrations were associated with increased 
length of the seminiferous tubules and prob-
ably with overall increases in the total num-
ber of testicular cells. Considering the cellular 
events in the testis during the pubertal period, 
the temporal patterns of metabolic hormone 
concentrations in bulls indicated that circulat-
ing IGF-I and leptin could be involved in 
regulating Leydig cell multiplication and 
maturation, Sertoli cell maturation and germ 
cell multiplication during the period of accel-
erated GnRH-independent testicular growth.

Testicular concentrations of LH and FSH 
receptors in beef bulls decreased around 5 to 
6 months of age, but increased thereafter until 
at least approximately 13 months of age; this 
might act to increase the sensitivity of Leydig 
and Sertoli cells to the low concentrations of 
gonadotrophins that occur during the rapid 
testicular growth phase (Bagu et al., 2006). 
Other mechanisms that might be associated 
with GnRH-independent testicular growth 
include changes in testicular concentrations 
and bioavailability of growth factors such as 
transforming growth factor (TGF-alpha and 
TGF-beta 1, 2 and 3) and interleukins (IL-1 
alpha, IL-1 beta and IL-6) (Bagu et al., 2010a,b). 
In addition, experiments evaluating the effect 
of nutrition on sexual development have dem-
onstrated that the impact of gonadotrophins 
on target tissues during the prepubertal 
period have long-term effects on testicular 
development in bulls. Bulls with either 
greater LH pulse frequency or more sustained 
increased LH pulse frequency during the 
early gonadotrophin rise had a more pro-
longed period of increased testicular growth 
and greater testicular size at 15–16 months of 
age, even when no differences in metabolic 
hormones or testosterone concentrations were 
observed after 6 months of age. These results 
indicate that the putative effects of circulating 
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metabolic hormones, gonadotrophins, local 
growth factors and other unknown factors 
during the period of accelerated testicular 
growth might be dependent on the previous 
LH exposure during the prepubertal period. 
The LH secretion pattern during the early 
gonadotrophin rise seems to ‘prime’ testicu-
lar development, dictating maximum adult 
testicular size in bulls (Brito et al., 2007b,c,d).

Puberty

After spermatogenesis is established, there 
was a gradual increase in the number of tes-
ticular germ cells supported by each Sertoli 
cell and an increase in the efficiency of the 
spermatogenesis, i.e. an increase in the num-
ber of more advanced germ cells resulting 
from the division of precursor cells. The yields 
of different germ cell divisions, low during 
the onset of spermatogenesis, increased pro-
gressively to the adult level (Macmillan and 
Hafs, 1968; Curtis and Amann, 1981). The 
eventual appearance of sperm in the ejaculate 
was the result of the increasing sperm pro-
duction efficiency after initiation of spermato-
genesis. In general terms, puberty is defined 
as the process of changes by which a bull 
becomes capable of reproducing. This pro-
cess involves the development of the gonads 
and secondary sexual organs, and the devel-
opment of the ability to breed. For research 
purposes however, puberty in bulls is usually 
defined as an event instead of a process. 
Most researchers define attainment of puberty 
by the production of an ejaculate containing 
≥50 million sperm with ≥10% motile sperm 
(Wolf et al., 1965). The interval between the 
first observation of sperm in the ejaculate 
and puberty as defined by these criteria was 
approximately 30 to 40 days (Lunstra et al.,
1978; Jiménez-Severiano, 2002).

Age at puberty determined experimen-
tally can be affected by the age that semen 
collection attempts are performed, the interval 
between attempted collections, the method of 
semen collection (artificial vagina or electro-
ejaculator), the response of the bull to the 
specific semen collection method and the 
experience of the collector(s). Moreover, age 

at puberty is affected by management, nutrition 
(see below) and genetics. Table 12.1 describes 
age, weight and SC at puberty in different 
breeds. Although data from large trials com-
paring bulls of different breeds raised as con-
temporary groups are scarce, some liberties 
could be taken to make some generalizations 
from these data. Dairy bulls usually mature 
faster and attain puberty earlier than beef 
bulls. Bulls from continental beef breeds, with 
the possible exception of Charolais, usually 
attain puberty later than bulls from British 
beef breeds, especially Angus bulls. Bulls 
from double-muscled breeds are notorious for 
being late maturing. Puberty is also delayed 
in bulls from tropically adapted B. taurus
breeds and in non-adapted bulls raised in 
the tropics.

There is a large variation in age and body 
weight at puberty across breeds and within 
breeds. Although, on average, bulls attain 
puberty at an SC of between 28 and 30 cm, 
regardless of the breed, the fact that there 
is still considerable variation in SC at puberty 
is sometimes overlooked. Interesting obser-
vations have been reported in studies 
evaluating differences between early- and 
late-maturing bulls. Bulls that attained puberty 
earlier were generally heavier and had greater 
SC than bulls that attained puberty later; 
however, both weight and SC were smaller at 
puberty in early-maturing bulls (Evans et al.,
1995; Aravindakshan et al., 2000). These obser-
vations not only indicate that precocious 
bulls develop faster, but also suggest that 
sexual precocity is not simply related to the 
earlier attainment of threshold body or tes-
ticular development. In fact, these thresholds 
seem to be lower in early-maturing bulls, 
and late-maturing bulls must reach a more 
advanced stage of body and testicular develop-
ment before puberty is attained. Similar obser-
vations have also been reported in B. taurus × 
B. indicus crossbred bulls (Brito et al., 2004b).

Semen quality in pubertal bulls was gen-
erally poor with a gradual improvement 
characterized by an increase in sperm motil-
ity and a marked reduction in morphological 
sperm abnormalities being observed after 
puberty. The most prevalent sperm defects 
observed in pubertal bulls were proximal 
cytoplasmic droplets and abnormal sperm 
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Table 12.1. Age, weight and scrotal circumference (SC) at puberty (ejaculate with ≥50 million sperm and 
≥10% sperm motility) in different breeds. For crossbred bulls, the first breed noted indicates the sire’s breed.

Breed No. of bulls Age (months)a Weight (kg) SC (cm) Reference

Angus 10 10.1 309 30.0 Wolf et al., 1965
Angus and Angus × Hereford 16 9.7 272 28.3 Lunstra et al., 1978
Angus × Hereford and Angus

× composite
24 7.8 323 28.1 Lunstra and 

Cundiff, 2003
Angus and Hereford × 

composite
37 8.8 – 28.0 Casas et al., 2007

Belgian Blue × Hereford, 
Angus, and composite

44 9.0 347 27.9 Lunstra and 
Cundiff, 2003

Brown Swiss 5 8.7 295 27.2 Lunstra et al., 1978
Brown Swiss 9 10.2 233 25.9 Jiménez-

Severiano, 2002
Charolais 22 9.4 396 28.8 Barber and 

Almquist, 1975
Hereford 10 10.3 322 31.2 Wolf et al., 1965
Hereford 5 10.7 261 27.9 Lunstra et al., 1978
Herefordb 27 11.7 342–401 31.3–32.7 Pruitt et al., 1986
Herefordb 28 9.6–11.1 357–391 28.5–30.0 Evans et al., 1995
Hereford × Angus and 

composite
32 8.6 339 27.9 Lunstra and 

Cundiff, 2003
Hereford × Charolais 20 10.0 – 28.0 Aravindakshan 

et al., 2000
Holstein 20 9.4 303 – Killian and Amann, 

1972
Holstein 4 10.9 276 28.4 Jiménez-

Severiano, 2002
Red Poll 5 9.3 258 27.5 Lunstra et al., 1978
Romosinuano 13 14.2 340 28.8 Chase et al., 1997
Simmentalb 27 10.6–11.4 328–419 30.6–34.0 Pruitt et al., 1986

aTransformed from days or weeks in the original reports.
bRanges indicate differences among groups within an experiment.

heads (approximately 30–60% and 30–40% at 
puberty, respectively) (Lunstra and Echternkamp, 
1982; Evans et al., 1995; Aravindakshan et al.,
2000). In a series of studies with beef bulls, 
age at puberty and age at satisfactory semen 
quality (≥30% sperm motility, ≥70% morpho-
logically normal sperm) were 308 and 372 
days, respectively. Moreover, 10% of the bulls 
did not have satisfactory semen quality by 
the end of the experimental period at 15–16 
months of age (L. Brito, unpublished data 
and Fig. 12.6). The results of another study 
with beef bulls in Western Canada indicated 
that the proportions of bulls with satisfactory 
sperm morphology at 11, 12, 13 and 14 months 
of age were approximately 40, 50, 60 and 70%, 
respectively (Arteaga et al., 2001). Similarly, 
only 48% of beef bulls 11 to 13 months old in 
Sweden had <15% proximal cytoplasmic 

droplets and <15% abnormal sperm heads 
(Persson and Söderquist, 2005). These obser-
vations have profound implications for the 
ability of producers to use yearling bulls and 
the ability of artificial insemination (AI) cen-
tres to produce semen for progeny testing at 
the youngest possible age.

The epididymis continued to grow until 
at least 6 years of age in Holstein bulls, with 
epididymal weight increasing from 9 g at 
8 months of age to 15, 23, 27 and 38 g at 12, 18, 
25–48 and 73–96 months of age, respectively 
(Almquist and Amann, 1961; Killian and 
Amann, 1972). The tube-like vesicular glands 
in newborn calves increased in length and 
became lobulated during development. The 
weight of the vesicular glands increased until 
approximately 4 years of age in Holstein bulls – 
from 13 g at 8 months of age to 26, 35, 54 and 
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78 g at 12, 18, 25–48 and 73–96 months of age, 
respectively (Almquist and Amann, 1961; 
Killian and Amann, 1972). The sigmoid flex-
ure of the penis began to develop at about 
3 months of age. Penis length increased by up 
to five times by the onset of puberty, and 
length continued to increase until sexual 
maturity (Coulter, 1986). The penis in Friesian 
bulls 13 to 19 months old measured 73 to 
89 cm (Ashdown et al., 1979a); in contrast, the 
penis in Holstein bulls ≥25 months old meas-
ured 95 to 106 cm (Almquist and Amann, 
1961). First protrusion of the penis during 
mounting was observed at approximately 
8 months of age, with complete separation 
of the penis and sheath observed at approxi-
mately 8.5 months of age in Angus, Charolais 
and Hereford bulls (Wolf et al., 1965; Barber 
and Almquist, 1975). Complete sheath–penile 
detachment evaluated during electroejaculation 
(EE) was observed at around the same time of 
puberty, whereas first completed service – when 

evaluated during libido testing – was only 
observed approximately a month after pub-
erty, indicating that bulls started producing 
sperm before complete sheath–penile detach-
ment (Lunstra et al., 1978).

Effects of nutrition on sexual 
development

Very few studies have evaluated the effect of 
nutrition from birth to maturity on sexual 
development and reproductive function in 
bulls. Compared with Holstein bulls receiv-
ing control nutrition (100% of requirements), 
bulls receiving low nutrition (approximately 
60–70% of requirements) from birth were 
older at the time the first ejaculates contain-
ing motile sperm were collected and also 
had smaller testes, but bulls receiving high 
nutrition (approximately 160% of require-
ments) had earlier puberty and larger testes 
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(Bratton et al., 1959; Flipse and Almquist, 1961). 
These observations have been corroborated and 
expanded in a series of more recent experi-
ments that have also shown that the most 
pronounced effects of nutrition occur during 
the prepubertal period. The recent studies 
have demonstrated that the adverse effects of 
low nutrition during the prepubertal period 
cannot be compensated for by improved 
nutrition during the pubertal period, and that 
the beneficial effects of high nutrition during 
the prepubertal period are sustained even if 
maintenance diets are fed thereafter. Low 
nutrition (75% of requirements) during the 
peri-pubertal period in beef bulls reduced LH 
pulse secretion, delayed the increase in circu-
lating testosterone concentrations, delayed 
puberty and resulted in decreased testicular 
size at 16 months of age; high nutrition (125% 
of requirements) produced the opposite 
results (Brito et al., 2007b,c,d).

The effects of nutrition on the sexual 
development and reproductive function of 
bulls were mediated through the hypothalamic-
pituitary-testicular axis. Nutrition affects the 
GnRH pulse generator in the hypothalamus, 
because differences in LH pulse secretion 
in bulls receiving different nutrition can be 
observed even in the absence of differences 
in pituitary LH secretion capability, as deter-
mined by GnRH challenge (Brito et al.,
2007c,d). Interestingly, when low nutrition 
was imposed on bulls by limiting the amount 
of nutrients in a ration fed ad libitum, only 
reduced LH pulse frequency was observed; 
but when nutrition was restricted by restrict-
ing food availability, reduced LH pulse fre-
quency, mean and peak concentrations and 
secretion were observed after GnRH chal-
lenge, (Brito et al., 2007b). These results seem 
to indicate that the inhibitory effects of lim-
ited nutrient availability on LH secretion 
appear to be exerted on the hypothalamus 
only, while the combination of limited avail-
ability of nutrients combined with hunger 
sensation experienced by bulls with restricted 
intake affected both hypothalamic and pitui-
tary function, producing a much more severe 
inhibition of LH secretion. The effect of nutri-
tion on Leydig cell number and/or function 
in bulls receiving different diets was demon-
strated by differences in testosterone secretion 

after GnRH challenge, even in the absence of 
differences in LH secretion after the challenge 
(Brito et al., 2007c,d).

Differences in yearling SC due to age of 
the dam in beef bulls could also be inter-
preted as an indication that nutrition during 
the pre-weaning period affects sexual develop-
ment, although possible in utero effects can-
not be completely ruled out. SC in beef bulls 
increases as age of the dam increases up to 
5 to 9 years of age and then decreases as dams 
get older. Adjustment factors of 0.7–1.4 cm, 
0.2–1.0 cm, 0.1–1.0 cm and 0.3–0.75 cm for 
yearling SC have been suggested for bulls 
raised by 2-, 3-, 4- and ≥10-year old dams, 
respectively (Bourdon and Brinks, 1986; 
Nelsen et al., 1986; Lunstra et al., 1988; Kriese 
et al., 1991; Evans et al., 1999; Crews and 
Porteous, 2003). In these studies, the inclu-
sion of weight as a covariate in the models 
describing SC resulted in decreased effects of 
age of the dam, indicating that the effect of 
dam age on testicular growth seems to be pri-
marily the result of dam age effects on the 
bull’s body weight, probably related to differ-
ences in milk production. This theory is also 
supported by reports that, as observed in 
bulls receiving low nutrition, LH secretion 
after GnRH challenge was greater from 3.5 to 
6 months of age in bulls raised by multipa-
rous rather than by primiparous females 
(Bagu et al., 2010c).

Several studies have described the effects 
of nutrition during the pubertal period only, 
i.e. after the initial hormonal changes regulat-
ing sexual development have occurred. In 
general, these studies indicate that low nutri-
tion has adverse effects on growth and sexual 
development. In one study, bulls receiving 
one third of the amount supplied to their twin 
controls had lower body and vesicular gland 
weights, vesicular gland fructose and citric 
acid contents, and circulating and testicular 
testosterone concentrations, whereas circulat-
ing androstenedione concentrations were 
increased (Mann et al., 1967). In other experi-
ments, beef bulls 8 to 12 months old receiving 
diets with low levels of crude protein (8, 5 
and 1.5%) for periods of 3 to 6 months had 
markedly reduced weights of the testes, 
epididymis and seminal glands compared 
with control bulls fed diets containing 14% 
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crude protein. Moreover, seminiferous tubule 
diameter and seminiferous epithelium thick-
ness were smaller in bulls that were on 
restricted protein intake (Meacham et al.,
1963, 1964).

Though low nutrition during the puber-
tal period has adverse effects on reproductive 
function, the potential beneficial effects of 
high nutrition after weaning are question-
able, at best. Effects of energy on sexual devel-
opment were not consistent in a study with 
Simmental and Hereford bulls fed diets 
with low, medium or high energy content 
(approximately 14, 18 and 23 Mcal/bull daily, 
respectively) from 7 to 14 months of age. 
Dietary energy affected sexual development 
in Simmental bulls, but not in Hereford bulls. 
Simmental bulls in the high-energy group 
were heavier and had greater SC and testos-
terone concentrations than bulls in the low-
energy diet group (in general, the medium 
energy group had intermediate values). 
However, increased dietary energy did not 
hasten age at puberty. The only semen trait 
affected by dietary energy was semen vol-
ume, which was depressed in Simmental 
bulls in the medium-energy group. Serving 
capacity was greater for Hereford bulls in the 
high-energy diet; in contrast, medium- and 
high-energy diets were associated with a 
decrease in the number of services between 
two testing periods in Simmental bulls. There 
was a trend for lower sperm motility and a 
lower proportion of normal sperm in 
Simmental bulls fed the low-energy diet 
(Pruitt and Corah, 1985; Pruitt et al., 1986).

In Holstein bulls producing semen for 
AI, high energy intake was associated with 
visual evidence of weakness of the feet and 
legs and increased reaction time after 3 years 
of age (Flipse and Almquist, 1961). Under 
field conditions, post-weaning high-energy 
diets are frequently associated with impaired 
reproductive function in bulls, which is most 
likely related to altered testicular thermoreg-
ulation as a result of excessive fat deposition 
above and around the testes in the scrotum. 
In one report, sperm motility decreased and 
the proportion of sperm defects increased 
with age in Hereford bulls fed to gain >1.75 
kg/day, and significantly differed from bulls 
fed to gain approximately 1 kg/day (control). 

Even after the high nutrition diet was changed 
to a control diet, bulls previously receiving 
high nutrition continued to have lower semen 
quality. There was greater deposition of fat 
around the testicular vascular cone in the 
scrotal neck in bulls in the high nutrition 
group, and the difference between body and 
testes temperature was reduced in this group 
compared with that of bulls in the control 
group. This difference was still present after 
the high-energy diet was changed and the 
bulls had lost a considerable amount of weight, 
indicating that fat that has accumulated in the 
scrotum is more difficult to lose than other 
body fat (Skinner, 1981).

In another series of experiments, Angus, 
Hereford and Simmental bulls were fed high 
nutrition (80% grain and 20% forage) or 
medium nutrition (forage only) from approx-
imately 6.5 until 12–24 months of age. In gen-
eral, bulls receiving high nutrition had greater 
body weight and back fat than did the 
medium nutrition group, although PTW was 
not affected by diet. Furthermore, bulls 
receiving high nutrition had lower daily 
sperm production and epididymal sperm 
reserves, and a greater proportion of sperm 
abnormalities. These authors indicated that 
increased dietary energy may adversely affect 
sperm production and semen quality owing 
to fat deposition in the scrotum, which 
reduces the amount of heat that can be radi-
ated from the scrotal skin, thereby increasing 
the temperature of the testes and scrotum 
(Coulter and Kozub, 1984; Coulter et al.,
1987a, 1997; Coulter and Bailey, 1988). 
Observations from another study indicated 
that bulls fed high-nutrition diets had greater 
SC and scrotal weight than did bulls fed 
medium-nutrition diets, though PTW was 
not different between the two groups (Seidel 
et al., 1980). Growth rate between 6 and 
16 months of age did not affect sexual develop-
ment and reproductive function in Angus and 
Angus × Charolais bulls. However, greater 
body weight at various ages was associated 
with reduced age at puberty and maturity, 
and with larger testes at 16 months of age, 
indicating that improved nutrition might be 
beneficial, but only when offered before 6 months 
of age. Average daily gains of 1 to 1.6 kg/day 
did not result in excessive fat accumulation in 
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the scrotum, or in increased scrotal tempera-
ture or reduction in sperm production and 
semen quality, and could be considered ‘safe’ 
targets for growing beef bulls (Brito et al., 2012b).

This summary of the literature supports 
the intuitive assumption that low nutrition has 
adverse effects on sexual development and 
reproductive function regardless of a bull’s 
age. Then again, most research seems to indi-
cate that high nutrition is only beneficial dur-
ing the first 6 months of life, which presents a 
challenge to bull producers. Beef bull calves are 
often nursed until 6 to 8 months of age, with 
very little attention being paid to their nutri-
tion, whereas nutrition offered to dairy bull 
calves is often suboptimal. Efforts to obtain 
maximum weight gain during the first months 
after birth by offering highly nutritious diets 
and adopting management practices such as 
creep feeding should be compensated by 
reduced age at puberty and greater sperm 
production capacity in adult bulls. It is also 
clear that, although high nutrition diets after 
6 months of age might be associated with 
greater SC, this effect is likely to be caused by fat 
accumulation in the scrotum and is not actually 
the result of greater testicular size. Moreover, 
sperm production, semen quality and serving 
capacity are all compromised in bulls receiving 
excessive nutrition after this age. Adjusting 
diets accordingly to maximize growth, but pre-
vent over-conditioning after the peri-pubertal 
period, is advisable.

Testicular Thermoregulation

Testes in bulls are maintained at 4–5.5oC below 
body temperature and this lower temperature 
is essential for normal spermatogenesis 
(Kastelic et al., 1995, 1997). Adequate testicular 
temperature is maintained by complex physi-
ological mechanisms that involve the scro-
tum, the testicular vascular cones and the 
testes proper. The temperature is determined 
primarily by the heat conveyed to the testes 
by the arterial blood, and the temperature of 
the arterial blood reaching the testes is deter-
mined by the amount of heat lost in the tes-
ticular vascular cone. This, in turn, is largely 
dependent on the temperature of the venous 

blood leaving the testes. Because the testicular 
veins run on the surface of the testes just 
below the tunica albuginea, the temperature 
of the testicular venous blood is greatly 
affected by the temperature of the scrotum. 
Therefore, the scrotum, which is equipped 
with thermoreceptors, is responsible for actively 
regulating testicular temperature by control-
ling vascular flow, sweat gland activity and 
muscle contractility (Waites, 1970; Setchell, 1978; 
Sealfon and Zorgniotti, 1991).

Increased testicular temperature results 
in reduced vasoconstrictor tone of the smooth 
muscles of the skin arteries, which increases 
blood flow to the scrotum and heat loss by 
irradiation. Increased testicular temperature 
also results in increased scrotal sweat produc-
tion and heat loss by evaporation; scrotal 
sweat gland density and sweat production 
are greater than in the skin of other parts of 
the body (Blazquez et al., 1988). The cremaster 
muscle and the dartos tunic become com-
pletely relaxed when testicular temperature 
rises, thus maintaining the testes as far away 
as possible from the abdomen, maximizing 
the contact of the testes with the scrotum and 
increasing the scrotal surface area for heat 
irradiation. Scrotal surface temperature is lower 
than both body and intra-testicular tempera-
tures, and a positive temperature gradient is 
also observed between the proximal and 
distal parts of the scrotum (Plate 32). Scrotal 
surface temperatures of approximately 30–31oC
at the proximal portion and 28–29oC at the 
distal portion have been reported in beef 
bulls (Cook et al., 1994; Kastelic et al., 1995, 
1996a, 1997).

The testicular vascular cone is a special-
ized anatomical structure that plays an 
important role in cooling testicular arterial 
blood before it reaches the testes and, con-
versely, in warming venous blood before it 
re-enters the abdomen. The cone is formed 
mainly by the very sinuous testicular artery 
juxtaposed between the fine networks of tes-
ticular veins that form the pampiniform 
plexus. Heat transfer in the testicular vascular 
cone occurs through a countercurrent mecha-
nism that involves heat transfer between 
fluids of different temperatures flowing in 
opposite directions inside adjacent vessels. 
The degree of heat exchange is determined 
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exclusively by the temperature gradient 
between the arterial and venous blood, but 
the efficiency of the mechanism is determined 
by the length and volume of the artery, the 
area of the artery’s surface contacted by veins, 
and the distance between the arterial and 
venous blood (Sealfon and Zorgniotti, 1991). 
Heat loss by irradiation through the scrotal 
skin in the vascular cone area is also import-
ant, because this is the warmer part of 
the scrotum and insulation of this area results 
in increased testicular temperature (Kastelic 
et al., 1996b).

Anatomical changes of the testicular 
vascular cone as the bull ages and starts to 
produce sperm are indications that the effi-
ciency of the countercurrent mechanism needs 
to improve in order to couple with increasing 
testicular metabolism. In Angus and Angus × 
Charolais bulls, the testicular vascular cone 
diameter measured by ultrasonography increa-
sed until approximately 13.5 months of age, 
or until 1 to 8 weeks before the SC reached a 
plateau (Brito et al., 2012c). In crossbred beef 
bulls, the length and diameter of the testicular 
artery in the vascular cone increased from 6 to 
12 months of age (1.8 m and 1.9 mm versus 
3.1 m and 3.5 mm, respectively), but did not 
increase significantly thereafter (Cook et al.,
1994). In 15-month-old Angus bulls, the tes-
ticular artery length and volume in the 
vascular cone were 1.6 m and 6 ml, respec-
tively (Brito et al., 2004a). Other studies have 
reported that the testicular vascular cone 
length was approximately 10 to 15 cm and that 
the testicular artery length varied from 1.2 
to 4.5 m in adult beef bulls of several breeds 
(Kirby, 1953; Kirby and Harrison, 1954; 
Hofmann, 1960).

In addition to the lengthening of the tes-
ticular artery, the distance between the arte-
rial and venous blood in the testicular 
vascular cone also decreased with age. This 
occurred via thinning of the arterial wall 
(from 317 to 195 mm thick at 6 and 36 months 
of age, respectively) and reduction of the dis-
tance between the artery and the closest veins 
(Cook et al., 1994). Another interesting obser-
vation was that the artery wall thickness and 
distance between the artery and the veins 
also decreased from the proximal to the distal 
portions of the testicular vascular cone 

(Hees et al., 1984; Cook et al., 1994; Brito et al.,
2004a). The reduction of the distance between 
the warmer arterial blood and the cooler 
venous blood may facilitate heat transfer and 
compensate for the gradual reduction in the 
arterial–venous temperature gradient that 
occurs as blood flows through the vascular 
cone. Evaluation of intra-artery temperature 
on the dorsal portion of the testis indicated 
that the arterial blood was cooled down by 
3–4.5°C after passing through the testicular 
vascular cone in 15–18 month-old beef bulls 
(Kastelic et al., 1997; Brito et al., 2004a).

The testicular artery reaches the dorsal 
pole of the testis and runs under the tunic 
albuginea, in close relation to the epididymal 
body, until it ramifies at the ventral pole. 
After ramification, several arterial branches 
run dorsally under the tunic until they pene-
trate into the testicular parenchyma. The tem-
perature of the arterial blood decreases only 
slightly between the testicular dorsal pole 
and the ventral pole, but decreases signifi-
cantly between the ventral pole and the point 
of penetration. This arrangement results in a 
negative sub-tunic temperature gradient 
between the dorsal and ventral portions of 
the testis. The combination of the opposing 
‘top-to-bottom’ temperature gradients of the 
scrotum (positive gradient) and the testicular 
surface (negative gradient) results in a con-
stant temperature throughout the entire 
testicular parenchyma. Intra-testicular tem-
perature in beef bulls 15–18 months old was 
approximately 33.5–35oC (Kastelic et al.,
1996a, 1997; Brito et al., 2004a).

Sperm Production and Semen Quality

Daily sperm production is defined as the total 
number of sperm produced per day by the 
testes, whereas spermatogenesis efficiency 
is the number of sperm produced per gram 
of testicular parenchyma. Spermatogenesis 
efficiency increased with age and reached 
adult levels at approximately 12 months of 
age in Holstein bulls (Macmillan and Hafs, 
1968; Killian and Amann, 1972). Individual 
variation in spermatogenesis efficiency was 
relatively small and was not affected by 
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ejaculation frequency, with values between 
10 and 14 million sperm/g parenchyma being 
reported for dairy and beef bulls (Macmillan 
and Hafs, 1968; Killian and Amann, 1972; 
Amann et al., 1974; Weisgold and Almquist, 
1979; Almquist, 1982; Johnson et al., 1995; 
Lunstra and Cundiff, 2003). As sperm pro-
duction per gram of testicular parenchyma is 
somewhat constant among bulls, the daily 
sperm production of a bull is largely depend-
ent on the weight of the testes. Considering 
testicular weight at different ages, yearling 
bulls are expected to produce around 4–5 bil-
lion sperm per day, whereas adult bulls are 
expected to produce around 7–9 billion sperm 
per day. Sperm output (number of sperm in 
the ejaculate) in bulls ejaculated frequently 
(i.e. when extragonadal reserves are stabil-
ized) is essentially the same as sperm pro-
duction (Amann et al., 1974). One important 
difference between young and older bulls is 
the capacity of the epididymis to store sperm. 
Evaluation of sperm numbers in the tail of the 
epididymis of 15–17 month-old Holstein 
bulls demonstrated that sperm available for 
ejaculation corresponded to approximately 
1.5–2 days of sperm production; in older 
(2–12 year-old) bulls, stored sperm numbers 
corresponded to the larger amount of approxi-
mately 3.5–5 days of sperm production 
(Amann and Almquist, 1976; Amann, 1990). 
These observations are especially important 
for AI centres and indicate that more frequent 
semen collection is necessary to maximize 
sperm harvest from young bulls; in older 
bulls, semen collection intervals of less than 
2–3 days have smaller effects on increasing 
sperm harvest. Sperm output increases with 
increased ejaculation interval up to the num-
ber of days required for epididymal storage 
capacity to reach its limit. Sperm that are not 
ejaculated are eliminated with urine or dur-
ing masturbation.

No differences were found in testicular 
development, spermatogenesis efficiency or 
extragonadal sperm reserves at 7 years of age 
between Holstein bulls that had been submit-
ted to semen collection frequencies of either 
once or six times a week from 1 year of age 
using artificial vaginas, indicating that ejacu-
lation at high frequency was not detrimental 
to either testicular development or sperm 

physiology. More importantly, the lack of 
adverse effects on sperm production and 
semen quality supported the long-term use of 
a high rate of ejaculation to maximize sperm 
harvest from bulls in AI centres (Almquist, 
1982). With increased weekly ejaculation fre-
quency there was a decrease in ejaculate vol-
ume, though sperm concentration was not 
affected (Almquist and Cunningham, 1967; 
Almquist et al., 1976). Although ejaculate vol-
ume either remained unchanged or decreased 
with multiple ejaculations on the same day, 
there was a gradual decrease in sperm concen-
tration and total sperm per ejaculate. In Angus 
bulls from which seven consecutive ejaculates 
were obtained, total sperm number decreased 
continuously from the first to the third ejacu-
late, but did not change significantly thereaf-
ter. The first, first two and first four ejaculates 
contained 31, 55 and 77%, respectively, of the 
total sperm output obtained in the seven ejac-
ulates (Foster et al., 1970). A small but signifi-
cant increase in the proportion of motile 
sperm in consecutive ejaculates was observed 
in some studies (Almquist and Cunningham, 
1967; Foster et al., 1970; Almquist et al., 1976). 
In 10–18 month-old Holstein bulls, volume 
and concentration of the first and second ejacu-
lates were 4 and 3.3 ml and 1.14 and 0.63 
billion/ml, respectively (Diarra et al., 1997), 
whereas in Holstein bulls of various ages, vol-
ume, sperm concentration and total sperm in 
the first and second ejaculates were 8.2 and 
7.3 ml, 1.5 and 0.95 billion/ml and 12.0 and 
6.8 billion, respectively (Everett and Bean, 
1982). Ejaculate volume, sperm concentration 
and total sperm in dairy and beef B. taurus bulls 
in Brazil were 6.9 to 8.2 ml, 1.2 billion/ml
and 8.2 to 9.1 billion, respectively (Brito et al.,
2002a,b).

Sperm output is greatly affected by sex-
ual preparation, which has been defined as 
prolonging the period of sexual stimulation 
beyond that adequate for mounting and ejacu-
lation (Amann and Almquist, 1976). Optimal 
sexual preparation ensures that the ejaculate 
contains the greatest possible number of 
sperm. The techniques used for sexual prep-
aration include restraint and false mounts, i.e. 
mounting without ejaculation. While restraint 
can be effective, it is important to ensure that 
the bull is actually stimulated and not simply 
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standing close to the stimulus animal; in 
practice, this can be a subjective assessment. 
In contrast, false mounting is evident to the 
observer and therefore is always recom-
mended, except for bulls with severe physical 
disability. Sperm output increases with both 
increased restraint time and number of false 
mounts. In one study with dairy bulls, total 
sperm numbers in the ejaculate were 7.1, 11.7, 
14.2 and 13.5 billion with zero, one, two and 
three false mounts, respectively. When 5 min 
of restraint was also used, total sperm num-
bers were 14.1, 13.8, 15.1 and 17.4 billion, 
respectively. Greater sperm output was 
mainly associated with increased semen vol-
ume and less so with increased sperm concen-
tration (Hafs et al., 1962). However, dairy and 
beef bulls respond differently to sexual prep-
aration. In one study, sperm harvest from 
Angus and Hereford bulls using three false 
mounts as sexual preparation did not differ 
from that obtained by using one false mount 
only and 5 min of restraint, or using no false 
mounts at all (Foster et al., 1970). Another 
study demonstrated that total sperm output 
in two ejaculates from Angus bulls increased 
significantly if three false mounts were used 
before collection of the first ejaculate, although 
the increment in output was minimal when 
the same sexual preparation was used for the 
second ejaculate (Almquist, 1973).

A good understanding of the dynamics 
of spermatogenesis is crucial for understand-
ing abnormal sperm production. Total dura-
tion of spermatogenesis is 61 days in bulls. 
After spermiation, sperm are transported 
through the epididymis in a process that 
takes approximately another 10 days. Thus, 
sperm present in the ejaculate began being 
produced 71 days earlier and semen quality is 
a reflection of those events in the previous 
2 months that influenced spermatogenesis, 
sperm maturation and transport. Different 
testicular germ cell lines have different 
sensitivities to different insults. For example, 
spermatocytes and spermatids are particu-
larly sensitive to increased testicular tempera-
ture, but spermatogonia are more resistant 
(Setchell, 1998). Therefore, particular changes 
in semen quality are manifested after an 
interval that varies according to the develop-
mental stage of the germ cells at the time of 

the insult, and the time required for the 
damaged cells to be released into the seminif-
erous tubules and transported through the 
epididymis. If exposure to the insult is lim-
ited, a consistent sequence of appearance of 
sperm defects in the ejaculate is expected, 
whereas if the exposure is prolonged, a vari-
ety of sperm defects may be simultaneously 
present in the ejaculate. Semen quality impro-
ves as the spermatogonia that resisted the 
insult enter mitosis and meiosis and restart 
generating normal sperm.

The mildest form of testicular degenera-
tion produces no grossly detectable changes 
in the testicular tissue and is manifested 
exclusively by increased production of abnor-
mal sperm. Elevated testicular temperature 
and endocrine disruption are probably the 
most common causes of mild testicular deg-
eneration. Normal spermatogenesis in bulls 
depends upon maintenance of optimal tes-
ticular temperature, with increased testicular 
temperature having detrimental effects on 
sperm production and semen quality. 
Metabolic rate and oxygen demand increase 
as a result of augmented testicular tempera-
ture. However, the long and extremely coiled 
testicular artery limits the blood supply to 
the testes. As blood flow to the testes either 
does not increase at all, or does not increase 
sufficiently to match the increased metabolic 
rate of the heated tissue, testicular hypoxia 
develops (Setchell, 1998). Causes of increased 
testicular temperature include increased 
whole body temperature (high ambient tem-
perature, pyrexia), increased local tempera-
ture (scrotal trauma or dermatitis, orchitis, 
periorchitis, epididymitis), decreased local 
heat irradiation (hydrocele, scrotal oedema, 
fat accumulation around the spermatic 
cords), and alteration of normal testicular 
mobility (tunic adhesions, inguinal and scro-
tal hernias).

Scrotal insulation for more than 24 h 
results in decreased sperm motility and an 
increased proportion of abnormal sperm in 
the ejaculate 7–12 days afterwards. The pro-
portion of abnormal sperm peaks at around 
18 to 21 days after insulation, and sperm 
motility and morphology return to pre-insulation 
levels only after about 45 days (Fig. 12.7). The 
sequential appearance of sperm defects after 
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scrotal insulation included an increase of 
detached sperm heads between 7 to 14 days, 
midpiece defects between 7 and 21 days, cyto-
plasmic droplets between 7 and 28 days, 
nuclear vacuoles between 18 and 21 days, and 
abnormal sperm head and acrosome defects 
between 21 and 28 days. There was usually 
marked individual variation in the pro-
portion of specific sperm defects that were 
observed after scrotal insulation (Austin et al.,
1961; Vogler et al., 1993; Barth and Bowman, 
1994). While the increase in abnormal sperm 
seems to be mainly a reflection of insult to 

spermatids, decreased sperm production is 
also often observed after longer periods of 
scrotal insulation, indicating that spermatocytes 
are also affected by elevated temperature, but 
are more likely to degenerate than to develop 
into abnormal sperm. Exposure of bulls to 
high temperatures in controlled-environment 
chambers has profound physiological effects 
that might also interfere with testicular func-
tion. Nevertheless, the observed changes in 
semen quality resemble those occurring after 
scrotal insulation (Casady et al., 1953; Skinner 
and Louw, 1966). The deleterious effect of 

Fig. 12.7. Mean (± SEM) proportion of (a) motile sperm and (b) normal sperm after scrotal insulation for 
4 or 8 days (n = 8/group) in Angus, Charolais and Hereford bulls. G = group effect; T = time effect; 
G × T = group-by-time interaction effect. On each graph, ‘*’ indicates values within the group that differ 
(P < 0.05) from the day before insulation (day 0); ‘1’ and ‘2’ indicate that values differ (P < 0.05) between 
groups within the examination day. Adapted from Arteaga et al., 2005, with permission from Elsevier.
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increased testicular temperature was ‘dose 
dependent’, with more prolonged insult 
resulting in greater decreases of semen qual-
ity and sperm production as well as increased 
time required for recovery (Skinner and 
Louw, 1966; Arteaga et al., 2005).

The maintenance of adequate intra-
testicular testosterone concentration is essen-
tial for normal spermatogenesis. Endocrine 
disruption leading to decreased testosterone 
production results in increased production of 
abnormal sperm. Stress and the associated 
release of cortisol is the most common endo-
crine disruptor causing abnormal sperm pro-
duction in bulls. Cortisol inhibits GnRH, LH 
and, ultimately, testosterone production. 
Illnesses, drastic changes in nutrition or man-
agement, changes in social dominance, show 
ring travelling and long-distance transport 
are some of the events that may result in 
stress, with increased production of cortisol 
and resultant abnormal sperm. Clearly, stress 
must persist for a long enough period for 
decreased testosterone concentration to affect 
semen quality. For example, the proportion of 
normal sperm decreased from 85 to 20% 
approximately 20 days after a bull developed 
lameness, but another bull with a prior his-
tory of satisfactory semen quality presented 
only 45% normal sperm following dehorning 
a month earlier; recovery (i.e. 85% normal 
sperm) was observed on a follow-up exami-
nation 2 weeks later (L. Brito, personal obser-
vations). The deleterious effects of cortisol 
on spermatogenesis have also been directly 
demonstrated by treatment of beef bulls with 
corticosteroids. Interestingly, the dynamic 
changes in the appearance of sperm defects in 
the ejaculate, the types of defects observed 
after treatment, the severity of impairment to 
spermatogenesis and the time required for 
recovery after cessation of treatment were 
virtually identical to those observed after 
increased testicular temperature induced by 
scrotal insulation (Barth and Bowman, 1994).

The effects of season on sperm production 
and semen quality are probably multifactorial 
and difficult to define. Some of these factors 
might include temperature, humidity, photo-
period, housing, nutrition and management. 
Studies conducted at AI centres are the most 
informative, as at least some of these factors 

are controlled, but even these have reported 
inconsistent results. In temperate regions, 
temperature is less likely to have a significant 
negative impact on sperm production, and 
photoperiod might have a more significant 
effect than in tropical areas, although the 
mechanisms involved in photoperiodic regu-
lation of sexual function in bulls have not been 
well studied. In one study in the USA, the most 
extreme temperatures observed (−24 to −19°C 
and 27 to 32°C) only caused a 0.3 ml decrease 
in semen volume and a small decrease in the 
total number of sperm in the ejaculate (0.3 bil-
lion) when compared with what was defined 
as optimal temperatures (16–21°C) (Taylor et al.,
1985). However, while some studies in the UK 
and the USA observed increased sperm pro-
duction in Holstein bulls during the summer 
(Parkinson, 1985; Taylor et al., 1985), other stud-
ies in the USA and Canada have reported a 
decrease in sperm production during this sea-
son (Everett and Bean, 1982; Mathevon et al.,
1998). In another study in Canada, an inverse 
seasonal variation in ejaculate volume and 
sperm concentration (increase of the former 
and decrease of the latter) from spring to the 
summer resulted in non-significant variation in 
sperm production over the year in Holstein 
bulls (Diarra et al., 1997).

Elevated temperature is more likely to 
affect sperm motility and morphology, even in 
temperate regions. In both the UK and Canada, 
Holstein bulls have been shown to produce 
sperm with lesser motility and a greater pro-
portion of morphological defects during the 
summer (Parkinson, 1985; Mathevon et al.,
1998), but contradictory observations have 
been reported in Swedish Red and White 
and Holstein bulls in Sweden; in one report, 
the greatest proportion of sperm defects 
was observed during spring and summer 
(Söderquist et al., 1996), but in another report, 
more sperm defects were observed during the 
winter and spring (Söderquist et al., 1997). In 
the tropics, sperm production decreased and 
sperm abnormalities increased in South Devon 
and Holstein bulls during the warmer seasons 
when compared with the wet, cool seasons 
(Kumi-Diaka et al., 1981). In Brazil, season did 
not affect sperm production in Limousin and 
Simmental bulls, but sperm abnormalities 
increased from 18% during the winter to 44% 
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during the summer (Koivisto et al., 2009). 
Conversely, month accounted for less than 2% 
of the variation in sperm production and 
semen quality over the year in dairy and beef 
bulls in another study in AI centres in Brazil 
(Brito et al., 2002b).

Semen quality also differs substantially 
among mature dairy, young dairy and beef 
bulls. In addition, season seems to affect these 
categories of bulls differently. Young dairy 
and beef bulls usually produce semen with a 
larger proportion of abnormal sperm than 
mature dairy bulls, which might be related to 
the lower selection pressure on the former two 
bull populations. In addition, a much more 
pronounced decrease in the production of 
normal sperm is observed during the summer 
in beef bulls than in young or mature dairy 
bulls (Fig. 12.8). An evaluation of records over 
a period of 5 years in the USA revealed that, 
whereas only 6.3% of semen batches from 
mature dairy bulls (n = 26,899) were dis-
charged as a result of poor sperm morphology 
(<75% morphologically normal sperm), 31.3% 
of batches from young dairy bulls (n = 26,209) 
and 32.8% of batches from beef bulls 
(n = 15,800) were discharged for the same rea-
son (ABS Global, Inc., unpublished).

Sexual Behaviour

A study of the development of sexual behav-
iour in Hereford bulls indicated that mount-
ing in response to an oestrous female was first 
observed by 3, 6 and 9 months of age in 18.5, 
26 and 48% of the bulls, respectively. Some 
59% of the bulls achieved their first ejacu-
lations by 12 months of age, whereas by 
15 months of age 78% registered a complete 
service. The number of services increased with 
age until 18 months old (Price and Wallach, 
1991a). In Angus, Brown Swiss, Hereford, 
Angus × Hereford and Red Poll bulls the first 
completed service was observed around 
11 months of age (Lunstra et al., 1978). Rearing 
seems to affect sexual development behav-
iour, as Hereford bull calves raised in indi-
vidual pens had a greater number of services 
when tested for the first time than bulls 
raised in groups, although these differences 
quickly disappeared once the bulls were 
grouped together (Lane et al., 1983). In 
another study, the influence of the presence of 
females during bull rearing was evaluated. 
In the first 2 h of being exposed to females in 
oestrus, males raised with females had 73% 
more services than bulls raised in isolation. 
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Bulls reared in isolation did compare 
favourably in subsequent tests though, illus-
trating that a learning process occurred rather 
quickly after exposure to females (Price and 
Wallach, 1990).

The hormonal control of sexual behav-
iour in bulls has not been very well studied. 
Normal sexual behaviour requires a thresh-
old of testosterone, but sexual activity was 
not affected by testosterone (or LH) levels 
beyond the threshold (Price et al., 1986). In 
contrast, basal testosterone concentration and 
total testosterone secretion during 5 h after 
GnRH challenge have been positively and 
significantly correlated with libido score 
(Chase et al., 1997). There are also suggestions 
that circulating prolactin concentrations and 
the oestrogen:testosterone concentration ratio 
are greater in adult Holstein bulls with lower 
libido, i.e. those with greater reaction time 
and latency time between successive ejacu-
lates (Henney et al., 1990). There is consider-
able evidence that sexual behaviour traits in 
bulls might be heritable (Chenoweth, 1997).

Female cattle play a major role in soli-
citing bulls. Sexually active females in pro-
oestrus and oestrus distance themselves from 
the rest of the herd, form groups and engage 
in frequent homosexual mounting activity. 
The behaviour of the sexually active group 
offers visual cues to stimulate bulls. Once 
attracted to the group, bulls investigate indi-
vidual females for receptivity, initially by 
sniffing and licking the vulva. These actions 
are often followed by the flehmen response – 
a curling upwards of the upper lip that helps 
to expose and draw molecules to the vomero-
nasal organ for the detection of pheromones. 
The bull then tests the female tolerance to 
mounting by resting its chin on the female’s 
back and making real or sham mounting 
attempts. Females demonstrate acceptance by 
remaining quiet and immobile during the 
investigation. The greatest single stimulus for 
a bull to mount and attempt service seems to 
be immobility of the mounting subject, as bulls 
will mount restrained non-oestrous females, 
or even bulls or steers, providing that adequate 
immobility is displayed. During the mount, 
the bull lifts its forequarters off the ground 
and clasps the rear of the female between his 
front limbs. Mounting and clasping allow the 

tip of the erect penis to access the vagina, 
accompanied by a series of pelvic oscillations 
(seeking movements) that culminate with the 
tip of the penis reaching and penetrating the 
vaginal orifice. This is immediately followed 
by two simultaneous events. There is a sud-
den lengthening of the penis with straighten-
ing of the sigmoid flexure and a body thrust, 
which bring the bull’s pelvic region into 
direct apposition with the cow’s perineum, 
resulting in maximum intromission and ejacu-
lation (Blockey, 1976; Chenoweth, 1983, 1986).

Bulls usually give undivided attention to 
one oestrous female while ignoring others in 
the immediate vicinity. However, after serv-
ing the female a few times the bull seems to 
lose interest and then turns its attention to a 
different female. In some experiments, bulls 
were shown to rarely breed with the same 
female more than once and to evenly distrib-
ute services; this pattern seems to be depend-
ent on the bull’s serving capacity, with 
high-capacity bulls breeding with the same 
female repeatedly and more often than lower 
capacity bulls (Blockey, 1975). Others’ reports 
have shown that bulls repeatedly breed 
with individual females until female sexual 
receptivity became attenuated and/or bulls 
approached sexual satiety (Bailey et al., 2005b). 
Most of a group of Angus bulls individually 
exposed to ten females in oestrus until the 
completion of six services, bred with three to 
five females only; the bulls bred with at least 
one female more than once in 92% of the tests, 
and in 67% of the tests at least one female was 
bred twice in succession (de Araujo et al.,
2003). Bulls are capable of intense sexual activ-
ity, and in natural breeding situations it is not 
uncommon for them to breed 30–35 times over 
a day. Bulls exposed to oestrus-synchronized 
females have been observed to breed 14–101 
times within a 30 h period (Chenoweth, 1986). 
After breeding, the bull shows a period of 
satiation during which there seems to be no 
sexual interest. The time it takes for a bull to 
show interest and mount a female again 
increases as the number of services increase, 
but decreases with the introduction of novel 
stimuli (the Coolidge effect). However, other 
physiological mechanisms and/or physical 
fatigue also seem to be involved, because 
breeding activity was greatly reduced for certain 
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periods after exposure to oestrous females 
regardless of the presentation of novel females 
(Bailey et al., 2005a).

In AI centres, where semen is routinely 
collected from individual bulls multiple times 
every week, maintaining proper sexual stim-
ulation to efficiently obtain the number of 
desired ejaculates can be a challenge. Reaction 
time, i.e. the interval between presentation of 
the bull to the stimulus animal and the initial 
mount, is considered to be the most objective 
behavioural measure of bull sexual stimula-
tion (Amann and Almquist, 1976). The length 
of reaction time is usually greater for beef 
than for dairy bulls. In one study, the reaction 
times before the first and second ejaculates 
for Angus and Hereford bulls were 13 and 
6 min, respectively, but for Holstein bulls, 
the times were 1 and 3.5 min, respectively 
(Almquist, 1973). Reaction time also gradu-
ally increases with repeated exposure to the 
same stimulus situation; here, presentation of 
the same stimulus animal at a different loca-
tion, presentation of a new stimulus animal, 
or a combination of both, are management 
options that can be used to shorten the reac-
tion time. The number of combinations of 
stimulus animals and/or locations necessary 
to obtain an ejaculate has been defined as 
stimulus pressure. The more frequently semen 
is collected from a bull, the greater the stimu-
lus pressure required. In AI centres, it is com-
mon to change the stimulus situation every 
5–10 min if the bull response is poor (Amann 
and Almquist, 1976; Amann, 1990).

Knowledge of social behaviour is also 
important when considering housing, man-
agement and use of bulls for natural breeding 
or for AI. Social interactions between animals 
can be classified into amicable or agonistic. 
Amicable behaviours are seen most com-
monly in groups of young bull calves without 
a stable social order, and include actions such 
as play behaviour – including sham fighting 
and butting, mounting, and licking of the 
head, neck and preputial regions. Agonistic 
behaviour becomes more evident in older 
animals, especially during the formation or 
re-establishment of the social order of a group. 
Agonistic behaviours include pawing the 
ground, rubbing the head and neck in the 
ground and directing the lowered head 

toward the opponent. A threat is followed by 
submission and avoidance, or a threat in 
return, invariably resulting in butting, head-
to-head pushing or blows to the body with the 
forehead. Physical aggression continues until 
one of the bulls avoids contact. Interestingly, 
physical aggression without preceding threats 
is more common in younger bulls that are 
establishing their social order, whereas overt 
aggression is much less common in socially 
stable groups of older bulls. In these older 
groups, sparring involves mostly a ritualized 
sequence of threats, uncommonly followed by 
contact. In addition, subtle body movements, 
sometimes almost unnoticeable, indicate threats 
that result in avoidance behaviour by subor-
dinate bulls (Blockey, 1975).

The outcomes of agonistic interactions 
between bulls determine the dominance–sub-
mission relationships between them. Forcing 
bulls to enter into each other’s personal space 
or to compete for space at the water trough 
and determining the ‘winner’ of the encoun-
ter are some methods that have been used to 
determine the social dominance hierarchy in 
groups of bulls (Blockey, 1975; Godfrey and 
Lunstra, 1989). The hierarchy of the herd is 
established within a few hours of when bulls 
are grouped. There are indications that, once 
formed, the hierarchy of the herd is main-
tained for a considerable period as long as the 
same animals remain within the herd. In most 
groups, bulls establish a linear hierarchy 
order, although linear-tending orders and, 
more infrequently, complex hierarchy orders 
are also observed. Age is a major determinant 
of dominance, and seniority (i.e. relative time 
with the group) is also important. In one 
experiment, bulls of similar age and weight 
newly introduced to the herd ‘lost’ approxi-
mately 95% of their encounters with bulls 
introduced to the herd a year previously 
(Blockey, 1975). Other factors that influence 
dominance are physical size and horns. Bulls 
establish dominance over females when they 
are between 1 and 2.5 years of age, and they 
are less likely to check females for oestrus if 
they have not yet established dominance.

Sexual behaviour in multi-sire breeding 
situations is largely dependent on the stabil-
ity of the social hierarchy. In groups of young 
bulls in which the hierarchy is unstable and 
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not well defined, bulls are more likely to 
engage in aggressive behaviour and to over-
tly compete for females. Two-year-old bulls 
exposed to oestrous females in groups did not 
differ in the number of mounts and services 
that they performed, regardless of their pre-
determined social hierarchy. In contrast, the 
social hierarchy is usually stable in older 
mixed-age groups where bulls tend to be 
much more observant of their status. In these 
groups, a subordinate bull will usually aban-
don a female if approached by a dominant 
bull. Therefore, the breeding activity of sub-
ordinate bulls is much reduced compared 
with that of dominant bulls. Studies have 
shown that in three- or four-sire breeding 
groups, the oldest or second oldest bull sired 
60% or more of the calf crop, whereas the 
youngest bull sired 15% or less. Observations 
of breeding behaviour in groups that con-
tained two young Angus bulls (2- and 3-years 
old) and one older bull (5 years old) indicated 
that the younger, subordinate bulls spent con-
siderably less time with the sexually active 
group of females than did the older dominant 
bull (91 versus 53%, respectively). When three 
or fewer females were in oestrus, the dominant 
bull(s) successfully prevented subordinate bulls 
from breeding (Blockey, 1975). Hence, main-
taining separate groups of yearling, 2-year-
old and older bulls in multiple-sire breeding 
situations is recommended.

Breeding Soundness Evaluation

Bull breeding soundness evaluation (BSE) pro-
cedures have been developed as a means by 
which veterinarians use their clinical compe-
tence and broad knowledge of animal anat-
omy, physiology and pathology to: (i) identify 
bulls with a greater probability of being sub-
fertile or infertile: and to (ii) diagnose fertility 
problems in bulls. The BSE is a time- and cost-
effective method that allows veterinarians and 
bull owners, managers and buyers to make 
appropriate bull selection and management 
decisions. The earliest development of a sys-
tematic approach that typifies recommended 
procedures now adopted worldwide can be 
credited to the Society for Theriogenology 
(SFT) in North America and the organizations 

from which the society evolved (Rocky Mount 
Society for the Study of Breeding Soundness 
of Bulls and, later, the American Veterinary 
Society for the Study of Breeding Soundness). 
Since its inception, the SFT has periodically 
revised and published guidelines for bull BSE.

In general terms, evaluation of bulls for 
breeding soundness involves a general physi-
cal examination, a specific examination of the 
reproductive system (including measurement 
of SC), and a semen examination. Minor 
changes to the guidelines had been intro-
duced over the years until a major change 
was adopted with the guidelines published in 
1993. Before this date, the guidelines included 
a scoring system for SC, sperm motility and 
morphology. The final classification as satis-
factory, questionable or unsatisfactory was 
based on the combined score of all three 
parameters. Thus bulls with clear deficiencies 
in one parameter could still obtain a satisfac-
tory classification as long as the scores in 
other parameters were sufficiently high to 
compensate for this. In addition, the score 
system was open to misinterpretation, as it 
appeared to rank bulls in terms of their poten-
tial reproductive performance. Recognition 
that deficiencies in one category, such as SC, 
sperm motility or morphology, could not be 
compensated by high values in another, led to 
the introduction of a system based on mini-
mum threshold requirements for each of 
these parameters and the abandonment of the 
earlier scoring system (Hopkins and Spitzer, 
1997). Use of the new system resulted in 
5–10% fewer bulls obtaining a satisfactory 
classification, indicating that the adopted 
system was indeed stricter than the scoring 
system that preceded it (Spitzer and Hopkins, 
1997; Higdon et al., 2000).

According to the SFT 1993 guidelines, 
bulls must be free of any relevant physical 
abnormalities, have a minimum SC of 30–34 
cm depending on age (Table 12.2), and have 
≥30% progressively motile sperm and ≥70%
morphologically normal sperm in order to be 
classified as satisfactory potential breeders. 
Unsatisfactory potential breeders are bulls 
that fail to meet the criteria for satisfactori-
ness in one or more parameters. In addition, a 
category termed ‘classification deferred’ is 
used for bulls that are considered likely to 
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improve with time or therapy after considera-
tion of signalment, history, test results and 
nature of the deficiencies. Many bulls classi-
fied in this category are yearlings that may 
not have reached the suggested minima for 
SC and semen quality by the time of the 
examination. It is important to note that 
observation of the bull’s ability to success-
fully breed with females is not a required 
component of the BSE, so the veterinarian 
should recommend close observation of bulls 
during breeding for the identification of prob-
lems that cannot be detected during the usual 
BSE. In addition, tests for venereal diseases 
(e.g. campylobacterosis and trichomoniasis) 
and other additional tests may be recom-
mended in certain cases.

Some points in the SFT guidelines war-
rant consideration. It is important to under-
stand that the minimum requirements for SC, 
sperm motility and sperm morphology were 
established to select ‘satisfactory’ potential breed -
ers and not necessarily ‘superior’ breeders. 
Moreover, the thresholds were selected from a 
physiological perspective and were not inten-
ded to be used as tools for genetic selection. 

The minimal threshold for SC was selected 
because the vast majority of bulls with an SC 
≥30 cm should be pubertal, and all bulls of all 
breeds are expected to attain this SC at or 
before 15 months of age when raised on an 
adequate nutrition plane. The relatively low 
threshold for sperm motility was selected after 
consideration of the inconsistent associations 
of this parameter with fertility after natural 
breeding reported in the literature and the 
often difficult environmental conditions encoun-
tered for the evaluation of sperm motility in 
the field. However, a sperm motility <30% may 
indicate that a representative ejaculate was not 
obtained and further collection attempts may be 
warranted. While it was recognized that fur-
ther research may require changes to the pro-
cedures for sperm morphological evaluation, 
the minimum recommendation based on the 
proportion of normal sperm only was chosen to 
lessen the emphasis and debate on the signifi-
cance of specific sperm defects (P.J. Chenoweth 
and J.C. Spitzer, personal communication).

Although the earlier and outdated score 
classification system from the SFT is still used 
in some countries, such as Brazil (CBRA, 
1998), the general philosophy of the 1993 SFT 
guidelines has been adopted in several coun-
tries other than the USA, such as Canada, 
South Africa and Australia. The main differ-
ences in these countries are the minimum 
requirements adopted for SC, sperm motility 
and sperm morphology, and how the relevant 
results are reported.

The guidelines from the Western 
Canadian Association of Bovine Practitioners, 
for example, contain different recommenda-
tions for minimum SC that are based on breed 
and age (Table 12.3), and the minimum sperm 

Table 12.2. Minimum scrotal circumference (cm) for 
breeding soundness classification of bulls at different 
ages according to the guidelines from the Society for 
Theriogenology (Hopkins and Spitzer, 1997).

Age (months) Scrotal circumference (SC)

≤15 30
>15 ≤ 18 31
>18 ≤ 21 32
>21 ≤ 24 33
>24 34

Table 12.3. Minimum scrotal circumference (cm) for breeding soundness classification of bulls of 
different breeds at different ages according to the guidelines from the Western Canadian Association of 
Bovine Practitioners (Barth, 2000).

Age (months)

Angus, Brown Swiss, 
Gelbvieh, Pinzgauer, 

Simmental

Charolais, Hereford, 
Holstein Maine Anjou, 

Red Poll, Salers, Shorthorn

Blonde d’Aquitaine, 
Galloway, Limousin, 

Texas Longhorn

12 32 30 29
13 33 31 30
14 34 32 31
15–20 35 33 32
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motility threshold is 60%. Under this scheme, 
bulls can be classified as satisfactory, unsatis-
factory or questionable potential breeders, 
or as ‘decision deferred’ (Barth, 2000). The 
guidelines from the South African Veterinary 
Association contain similar minimum recom-
mendations for SC to those of the SFT for 
B. taurus bulls, but the minimum requirements 
for motile and morphologically normal sperm 
are 70 and 75%, respectively. In addition, only 
bulls considered satisfactory receive a ‘certifi-
cate of breeding soundness’; evaluation find-
ings and recommendations for bulls deemed 
not satisfactory are communicated either ver-
bally or in a different written report, and there 
are no intermediary classifications categories 
such as ‘questionable’ or ‘decision deferred’ 
(Irons et al., 2007). The guidelines from the 
Australian Cattle Vets (ACV) allow minimum 
requirements for SC to be modified to meet 
breed association requirements, even though 
there is a large degree of consensus. Sperm 
motility and normal morphology should be 
≥30% and ≥50%, respectively, for bulls used 
for natural breeding, and ≥60% and ≥70%, 
respectively, for bulls from which semen is to 
be frozen for AI. In addition, there are recom-
mendations for maximum tolerated percent-
age of specific sperm defects, and veterinarians 
need to be certified to evaluate sperm morph-
ology. The examining veterinarian makes the 
final determination as to whether a bull 
should be categorized as a satisfactory poten-
tial breeder or not, using established stand-
ards for physical soundness, SC, sperm motility 
and sperm morphology as highly important 
considerations, in conjunction with other fac-
tors such as individual bull, herd and client 
histories (Fordyce et al., 2006).

Several studies describing the results of 
BSEs indicated that only 65 to 85% of beef bulls 
are considered satisfactory prospective breed-
ers (Carroll et al., 1963; Elmore et al., 1975; 
Spitzer et al., 1988; Bruner et al., 1995; Carson 
and Wenzel, 1997; Spitzer and Hopkins, 1997; 
Higdon et al., 2000; Barth and Waldner, 2002; 
Kennedy et al., 2002; Godfrey and Dodson, 
2005; Sylla et al., 2007). The ability to detect and 
eliminate this relatively large proportion of 
bulls that are expected to achieve substantially 
lower fertility rates stresses the importance 
and the value of performing regular evaluations. 

However, the results of each specific study are 
obviously affected by the characteristics of the 
bull population examined (breeds, age groups, 
numbers of bulls and herds, management and 
geographical location), and care must be taken 
to avoid generalizations.

The prevalence and type of physical 
abnormalities, for example, vary considerably 
among studies. In the USA, physical abnor-
malities were observed in 1.5 to 9.5% of exam-
ined bulls (Elmore et al., 1975; Spitzer et al.,
1988; Bruner et al., 1995; Carson and Wenzel, 
1997; Higdon et al., 2000; Kennedy et al., 2002). 
Reports vary in describing the most common 
abnormalities as those associated with eye 
lesions and feet and leg problems (Carson and 
Wenzel, 1997), penile problems (fibropapil-
loma and persistent frenulum) (Bruner et al.,
1995) and vesicular adenitis (Spitzer et al.,
1988; Kennedy et al., 2002). Similarly, physical 
abnormalities were observed in 4.3% of Italian 
beef bulls, although the most common abnor-
malities were testicular problems (hypoplasia, 
orchitis and cryptorchidism) (Sylla et al., 2007). 
In contrast, a much greater prevalence of phys-
ical abnormalities (24.3%) was reported in beef 
bulls in Western Canada; these were mostly 
associated with a high prevalence of scrotal 
frostbite and feet and leg problems (Barth and 
Waldner, 2002). Despite variations among 
studies, the presence of physical abnormalities 
is usually the third most common cause of 
unsatisfactory classifications after small SC 
and poor sperm morphology.

The effect of age and the interaction of age 
with breed need to be considered when evalu-
ating the results of bull breeding soundness 
studies. Evaluation of yearling bulls between 
10 and 15 months of age is very common, and 
bulls at these ages are still going through the 
pubertal changes associated with rapid testicu-
lar growth and improvement in semen quality. 
So it is not surprising that the proportion 
of yearling beef bulls classified as satisfactory 
potential breeders increased from approxi-
mately 55% at 10 months of age, to 72% at 
11 months and to 78% at 12 months of age as 
more bulls reach the minimum requirements 
for SC, sperm motility and sperm morphology 
(Higdon et al., 2000; Kennedy et al., 2002). As 
breed differences occur in sexual development, 
a larger proportion of bulls from early-maturing 
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breeds are expected to obtain satisfactory clas-
sification at a younger age than of bulls from 
late-maturing breeds. An extreme example was 
found with tropically adapted Senepol bulls; 
the proportion of satisfactory yearling bulls 
was only 25–50%, but this increased to 70–85% 
at 22–26 months of age (Chenoweth et al., 1996; 
Godfrey and Dodson, 2005). It has also been 
reported that the proportion of satisfactory 
bulls decreased after 5–6 years of age as bulls 
become more prone to develop physical and 
reproductive problems (Carson and Wenzel, 
1997; Barth and Waldner, 2002). Therefore, 
yearling bulls were more likely to receive an 
unsatisfactory or deferred classification owing 
to small SC (Higdon et al., 2000; Kennedy et al.,
2002), whereas older bulls were more likely to 
receive the same classification as a result of 
poor sperm morphology (Carson and Wenzel, 
1997). The proportion of bulls that are classified 
as unsatisfactory exclusively because of poor 
sperm motility is usually low.

Scrotal circumference and bull selection

SC is highly correlated with testicular weight 
(Fig. 12.9) and is a moderately heritable trait 
in cattle, with yearling heritability estimates 
ranging from 0.32 to 0.71 (Table 12.4), which 
indicates that selection can have a very sig-
nificant impact on this trait. For example, 
testicular weight at weaning was greater 
in the progeny sired by Limousin bulls with 
high expected progeny difference (EPD) for 
SC when compared with progeny sired by 
bulls with average or low EPD (Moser et al.,
1996). Several studies have also demonstra-
ted moderate-to-high phenotypic correlations 
between SC and growth traits (Coulter and 
Foote, 1977; Bourdon and Brinks, 1986; Kriese 
et al., 1991; Crews and Porteous, 2003), and 
estimates of the genetic correlations between 
SC and growth traits are generally positive 
(Table 12.5), indicating that selection for SC is 
associated with positive gains in growth traits.
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Fig. 12.9. Regression lines for paired testes weight (PTW) according to scrotal circumference (SC) or 
paired testes volume (PTV = 0.0396 × SC × (mean testicular length)2). Holstein SC1: measurements 
obtained from mature Holstein bulls (n = 35); PTW = –1298.5 + (50.2 × SC) (Hahn et al., 1969). Holstein 
SC2: measurements obtained from Holstein bulls (n = 47) 19–184 months old; PTW = –654.4 + (34 × SC) 
(Coulter and Foote, 1976). Angus and Hereford SC: measurements obtained from Hereford (n = 199) and 
Angus (n = 136) bulls 11–30 months old; PTW = –722.28 + (36.53 × SC) (Coulter and Keller, 1982). 
Angus and Angus × Charolais SC and PTV: measurements obtained from Angus and Angus × Charolais 
bulls (n = 111) 14–16 months old; PTW = –1274 + (54.04 × SC) or PTW = –67.89 + (1.147 × PTV) – 
better fit observed for PTV (r 2 = 0.78) than for SC (r 2 = 0.61) (L. Brito, unpublished data).
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The general trend of increasing SC in cer-
tain beef breeds over time seems to be the 
result of the combination of direct selection 
for SC and indirect selection for growth traits 
by breeding stock producers (Fig. 12.10). 
Although the heritability of semen traits is 
generally low, SC is positively associated 
with sperm production and semen quality 
(Gipson et al., 1987; Moser et al., 1996; Barth 
and Waldner, 2002), and genetic correlations 
between SC and semen traits are generally 
favourable (Table 12.6). This suggests that 
direct selection for SC would be more effec-
tive in bringing about improvement in sperm 
production and semen quality than would 
direct selection pressure on semen traits 
themselves.

Several studies have reported an associa-
tion between sire SC and daughter age at 
puberty. In Hereford cattle, genetic corre-
lations between yearling SC and daughter 
ages at first breeding and at first calving 
were –0.39 and –0.38, respectively (Toelle and 
Robison, 1985). In another study with beef 
cattle, favourable relationships were demon-
strated by negative correlation coefficients 
between greater sire SC and heifer progeny 
ages at puberty and at first calving (Smith 
et al., 1989a). In a population of composite 
beef cattle, correlation coefficients among 
parental breed group means for SC and per-
centage of pubertal females at 452 days of age 
was 0.95, while the correlation with female 
age at puberty was –0.91 (Gregory et al., 1991). 

Table 12.4. Heritability estimates (h 2) for yearling scrotal circumference in bulls.

Breed h 2 Reference

Angus 0.36–0.55 Latimer et al., 1982; Knights et al., 1984; Gipson et al., 1987; Meyer et al., 1991; 
Garmyn et al., 2011

Composite 0.66 Mwansa et al., 2000
Hereford 0.40–0.71 Neely et al., 1982; Bourdon and Brinks, 1986; Nelsen et al., 1986; Gipson et al.,

1987; Kriese et al., 1991; Meyer et al., 1991; Evans et al., 1999; Crews and 
Porteous, 2003; Kealey et al., 2006

Holstein 0.67 Coulter et al., 1976
Limousin 0.46 Keeton et al., 1996
Red Angus 0.32 McAllister et al., 2011
Simmental 0.48 Gipson et al., 1987
Various 

breeds
0.40–0.53 Lunstra et al., 1988; Rose et al., 1988; Smith et al., 1989b; Martínez-

Velázquez et al., 2003

Table 12.5. Genetic correlations (rg) between scrotal circumference and growth traits in bulls.

Breed Growth trait rg Reference

Angus Yearling weight 0.24–0.68 Knights et al., 1984; Meyer et al., 1991
Composite Yearling weight 0.40–0.43 Mwansa et al., 2000
Hereford Weaning weight 0.08–0.86 Neely et al., 1982; Bourdon and Brinks.,

1986; Nelsen et al., 1986; Kriese et al.,
1991; Meyer et al., 1991; Crews and 
Porteous, 2003

Yearling weight 0.30–0.52
Weaning–yearling ADGa 0.22–0.35

Limousin Weaning weight 0.14 Keeton et al., 1996
Red Angus Yearling intramuscular fat 0.05 McAllister et al., 2011

Yearling carcass marbling score 0.01
Various Birth–weaning ADG 0.02 Lunstra et al., 1988; Smith et al., 1989b

Yearling weight 0.10–0.63
Weaning weight 0.56
Weaning–yearling ADG 0.59

aADG, average daily gain.
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Females sired by Limousin bulls with a lar-
ger SC were 7 days younger at puberty than 
females sired by bulls with smaller SC, 
though this difference was not significant. In 
addition, a significantly greater proportion of 
females had reached puberty at 11 and 13 
months of age when sired by Limousin bulls 
with high EPD for SC than females sired by 
bulls with low or average EPD for SC. These 
results suggest that sire selection using EPD 

for SC might be more effective in reducing 
age of daughters at puberty than selection 
based on phenotypic measurements (Moser 
et al., 1996).

Although sire SC is associated with 
daughter puberty, genetic correlations between 
SC and pregnancy rates have often been low 
and insignificant (Martínez-Velázquez et al.,
2003; McAllister et al., 2011). This may be due 
to a non-linear relationship between these 
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Table 12.6. Genetic correlations (rg) between scrotal circumference and sperm production and semen 
quality traits in bulls.

Breed Trait rg Reference

Angus Sperm concentration 0.54 Knights et al., 1984; Garmyn et al., 2011
Sperm motility 0.36
Total sperm defects −0.23

Hereford Sperm concentration 0.77 Kealey et al., 2006
Sperm motility 0.34
Normal sperm 0.33

Hereford and Simmental Sperm concentration 0.20 Gipson et al., 1987
Sperm motility 0.11
Total sperm number 0.19
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traits. A study with Hereford cattle indicated 
that the effect of SC breeding values on heifer 
pregnancy exhibits a threshold relationship. 
As SC increases in value, there is a dimin-
ishing return for improved heifer pregnancy, 
suggesting that selection for a high SC bre-
eding value may not be an advantage for 
increased heifer pregnancy over selection for 
a moderate SC breeding value (Evans et al.,
1999). However, even though it would 
appear that the favourable genetic relation-
ship between SC and heifer offspring age at 
puberty does not completely translate into 
heifer pregnancy rates, it is important to note 
that experimental design might have con-
founded some of these results. This is because, 
if an entire group of heifers reach puberty 
before exposure to breeding, then those heif-
ers reaching puberty at younger ages would 
show no advantage in conception over those 
reaching puberty at older ages. Moreover, 
end-of-season pregnancy rates were used in 
these studies as opposed to per cycle preg-
nancy rates, and the value of having heifers 
conceiving early rather than late in the season 
might have been lost.

Heritability estimates for SC vary accord-
ing to age. Studies have demonstrated that 
heritability estimates increase with age until 
approximately 1 year old (Coulter et al., 1976; 
Neely et al., 1982; Mwansa et al., 2000), whereas 
estimates in yearlings were greater than in 
2-year-old bulls (Coulter et al., 1987b; Meyer 
et al., 1991). Therefore, selection based on year-
ling SC is recommended over selection based 
on measurements obtained at other ages. Yearling 

SC is commonly recorded for performance 
evaluation programmes in beef bulls, but age 
effects are very pronounced around this age 
when testicular growth is rapid. Accordingly, 
significant differences can be observed in bull 
SC between 11 and 14  months of age (Table 12.7). 
In order to adjust SC measurements to 365 days 
of age, the Beef Improvement Federation (BIF) 
recommends the use of the age adjustment fac-
tors described in Table 12.8. Breed effects on SC 
are pronounced at either 1 or 2 years of age in 
beef bulls (Table 12.7 and Fig. 12.11). Adjusting 
SC for differences in body weight at 368 days of 
age using regression analysis resulted in reduc-
tion in variation among breeds, but significant 
breed differences in SC were still present, indi-
cating that differences in SC among breeds are 
only partially attributable to breed differences 
in yearling weight (Lunstra et al., 1988; Gregory 
et al., 1991). In Angus and Hereford bulls, cor-
relation coefficients between SC at l year of age, 
and SC and PTW at 2 years of age, were 0.76 
and 0.65, respectively, demonstrating that a 
bull with relatively small or large testes as a 
yearling will generally have comparable testes 
size as a 2 year old (Coulter and Keller, 1982).

Attempts to establish guidelines for the 
selection of bulls at weaning based on the like-
lihood of attainment of a certain minimum 
yearling SC have produced mixed results. 
In one study, it was recommended that the 
minimum SC in Angus and Simmental bulls 198 
to 291 days old should be 23 or 25 cm to ensure 
an SC of 30 or 32 cm at 365 days of age, respect-
ively. The same recommendations for Here-
ford bulls were 26 and 28 cm (Pratt et al., 1991). 

Table 12.7. Scrotal circumference (cm) according to breed and age in yearling bulls (n = no. bulls sampled).

Breed 10 months 11 months 12 months 13 months 14 months

Charolaisa 32.3 (n = 246) 33.5 (n = 1,068) 34.7 (n = 2,622) 35.7 (n = 2,504) 36.0 (n = 791)
Chianinab 30.6 (n = 455) 32.2 (n = 455) 33.3 (n = 455) 33.8 (n = 455) 34.5 (n = 455)
Herefordc 31.1 (n = 77) 31.7 (n = 601) 32.5 (n = 2,510) 33.5 (n = 2,101) 34.4 (n = 341)
Holsteind 29.8 (n = 1,004) 31.0 (n = 482) 31.8 (n = 226) 32.8 (n = 162) 33.4 (n = 225)
Marchigianab 30.4 (n = 415) 31.7 (n = 415) 33.0 (n = 415) 33.9 (n = 415) 33.9 (n = 415)
Romagnolab 31.5 (n = 425) 33.2 (n = 425) 33.8 (n = 425) 35.1 (n = 425) 35.3 (n = 425)
Simmentale 34.6 (n = 129) 35.7 (n = 460) 36.6 (n = 1,400) 37.3 (n = 2,276) –
Simmentalf 34.4 (n = 1,609) 35.8 (n = 2,022) 37.3 (n = 1,532) 37.8 (n = 510) 37.1 (n = 120)

Standard deviations were all between 2.1 and 3.0 cm.
Sources: aCanadian Charolais Association; bSylla et al., 2007; cCanadian Hereford Association; dABS Global Inc.; 
eCanadian Simmental Association; fAmerican Simmental Association.
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In another study, differences between bulls that 
attained a minimum yearling SC of 34 cm and 
bulls that did not were observed for adjusted 
SC at 200 days of age (23.3 versus 20.5 cm, 
respectively). Based on these results, it was sug-
gested that SC at weaning could be used to select 
bulls for breeding, and 23 cm was proposed as 
the minimum SC standard at 200 days (Coe 
and Gibson, 1993). However, this study 
included bulls from several breeds of known 
differences in patterns of testicular growth and 
mature size, while using a singular and very 
strict yearling SC minimum. Scrotal circumfer-
ence at 240 days of age could be used as a tool 
to select bulls with a high probability of 
meeting the minimum requirements for SC at 
365 days of age (i.e. Simmental, 32 cm; Angus, 
Charolais and Red Poll, 31 cm; Hereford, 30 cm; 
Limousin, 29 cm); sensitivity and specificity 
analysis for determining cut-off values indi-
cated that the probability of Charolais bulls 
with SC ≥ 24 cm, Simmental and Limousin 
bulls with SC ≥ 22 cm, and Angus, Hereford 
and Red Poll bulls with SC ≥ 21 cm attaining 
minimum requirements was greater than 80%. 
SC at weaning was not useful as a culling tool 
though, as a large portion of bulls, irrespective 
of breed, met the minimum requirements at 
365 days of age even when SC was <21 cm at 
240 days of age (Barth and Waldner, 2002).

Libido and serving capacity tests

Libido has been defined as the willingness 
and eagerness of a male to mount and service 
a female, whereas serving capacity is the 

ability to complete a service. In practical 
terms, libido and serving capacity tests are 
very similar. The main difference is that sex-
ual behaviours such as sniffing and licking 
genitals, flehmen response, chin resting, 
attempt to mount, incomplete mounting and 
complete mounting without intromission are 
all taken into consideration for libido test 
scoring, but only complete services are quan-
tified in serving capacity tests. The serving 
capacity test as originally developed included 
the use of two or three non-oestrous females 
restrained in service crates in a small pen 
about 5–7 m apart. Bulls to be tested were 
allowed to observe the sexual activities of 
other bulls for 10 min before being exposed in 
groups of five to the females. Serving capac-
ity test score represented the number of ser-
vices attained in 40–60 min of observation 
(Blockey, 1975). The recommended set-up for 
the libido test is basically the same as that for 
the serving capacity test, except that bulls are 
tested in pairs (1:1 bull-to-female ratio). The 
libido test score is based on the observed sex-
ual behaviour during 10 min of observation 
(Table 12.9). Retesting bulls a few days 
apart in different pair combinations is also 
recommended if results are indeterminate 
(Chenoweth et al., 1979; Chenoweth, 1986). In 
order to properly perform behaviour tests, 
bulls should be handled quietly and sources 
of distractions should be avoided. Bulls 
should not be excessively apprehensive or 
agitated, and conducting tests after stressful 
handling (EE, vaccination or other processing) 
or during extreme weather conditions is not 
recommended.

Bulls have been shown to perform better 
in libido and serving capacity tests (i.e. pro-
portion of bulls with completed service and 
number of services) when exposed to non-
oestrous, restrained females than when 
exposed to oestrous, unrestrained females 
(Blockey, 1975; Chenoweth et al., 1979). There 
is no evidence that restrained oestrous 
females are more attractive to bulls than 
restrained non-oestrous females. During 20 min 
tests with Hereford bulls, oestrous and non-
oestrous females received similar numbers of 
mount intentions, mount attempts, mounts 
without ejaculations and ejaculations. Time 
spent with oestrous and non-oestrous females 

Table 12.8. Age adjustment factors for scrotal 
circumference (SC) at 365 days of age according 
to breed; 365-day SC = actual SC + ((365 – age) × 
age adjustment factor) (BIF, 2010).

Breed Age adjustment factor

Angus 0.0374
Charolais 0.0505
Gelbvieh 0.0505
Hereford 0.0425
Limousin 0.0590
Red Angus 0.0324
Simmental 0.0543
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and latencies to abandon initially chosen 
females to investigate an alternative female 
were also similar (Wallach and Price, 1988). 
Allowing bulls to observe the sexual activity 
of other bulls provides sexual stimulation 
and improves their sexual performance during 

testing. This method of sexual stimulation 
decreased the time to first mount and first 
service, and the interval between services, 
and increased the total number of services in 
15–30 min tests when compared with no prior 
sexual stimulation, stimulation by restraining 
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in close proximity to a female, or stimulation 
by being observed by another bull during the 
test (Mader and Price, 1984). Observation of 
breeding activity for 10 min is as effective for 
sexual stimulation as observation for 60 min 
(Blockey, 1975).

Age and experience have major effects 
on libido and serving capacity test results. An 
overall increase in test scores has been 
observed in several studies with yearling 
bulls when tests were conducted repeatedly 
within relatively short intervals, indicating 
that a maturing and/or learning process 
occurs rapidly after exposure of bulls to 
females. When low serving capacity yearling 
bulls were subsequently re-exposed to oes-
trous females within a week, 85% of them 
moved into medium or high serving capacity 
categories (Boyd and Corah, 1988). No sig-
nificant correlations were obtained between 
the numbers of services achieved by Hereford 
bulls at 12 months of age and their sexual per-
formance at older ages. Only when bulls 
reached 18 months old were individual dif-
ferences in serving capacity subsequently 
consistent, i.e. at 21 and 24 months of age 
(Price and Wallach, 1991c). In one study, only 
53% of 113 yearling bulls completed a service 
during the 10 min libido test (Chenoweth 
et al., 1979), whereas with 2-year-old Angus 
and Hereford bulls, the variance of serving 
capacity or libido scores obtained from 
eight tests conducted over 2 months was 69 
and 23%, respectively (Landaeta-Hernández 
et al., 2001). These observations suggest that 
attempts to predict sexual performance are 
likely to be unproductive until bulls can fully 

express their inherent sexual behaviour and 
serving ability. When adult Angus bulls were 
evaluated, the time required to complete six 
services when exposed individually to ten 
oestrous females increased with age from 
31 min in 2-year-old bulls to 43, 55 and 67 min 
in 3-, 4-, and 5-year-old bulls, respectively 
(de Araujo et al., 2003). However, no differ-
ences in libido score or service capacity test 
results between 2- and 3-year-old Angus and 
Hereford bulls were observed in another 
study (Chenoweth et al., 1984).

The bull-to-female ratio (BFR) and num-
ber of bulls tested at the same time might also 
affect the results of libido and serving capacity 
tests. When tested in groups, BFRs of 5:2 or 
5:4 did not affect the results of a 60 min service 
capacity test when 2-year-old bulls were 
evaluated (Blockey, 1975). Hereford bulls 12, 
18 and 24 months old tested in large groups 
(13–14 bulls) had a lower number of mounts 
and services than bulls tested individually or 
in small groups (3–4 bulls) when exposed to 
three restrained females. Likewise, when 
Angus bulls were evaluated in the same man-
ner, bulls tested individually achieved better 
test results than bulls evaluated in a group 
(Price and Wallach, 1991b), which confirmed 
similar observations from a different study 
evaluating yearling Hereford bulls (Lane et  al.,
1983). Sexual behaviour can be depressed by 
relatively frequent or prolonged bouts of 
aggression in large group tests in which 
group size and the BFR are too high. The 
same might occur if females are restrained 
too closely together. Considering that age and 
unfamiliarity tend to maximize the frequency 

Table 12.9. Libido scoring system based on 10 min test (Chenoweth, 1986).

Score Behaviour

0 Bull showed no sexual interest
1 Sexual interest showed only once
2 Positive sexual interest on more than one occasion
3 Active pursuit of female with persistent sexual interest
4 One mount or mount attempt with no service
5 Two mounts or mount attempts with no service
6 More than two mounts or mount attempts with no service
7 One service followed by no further sexual interest
8 One service followed by sexual interest, including mounts or mounting attempts
9 Two services followed by no further sexual interest

10 Two services followed by sexual interest, including mounts or mounting attempts
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and intensity of agonistic interactions, sexual 
performance in group tests might be consid-
erably lower when older (≥3 years old), mixed 
age and(or) unfamiliar bulls are tested. 
Although individual testing seems to be pref-
erable, the practicality of this approach must 
also be considered.

Greater libido and serving capacity test 
scores generally translate into more sexual 
activity during pasture breeding, but the cor-
relation of test results with fertility is incon-
sistent. In one study, higher serving capacity 
bulls, which were subsequently placed with 
females at a BFR of 1:40 for 6 weeks, served 
more females, and served them more often, 
than bulls of lower serving capacity (Blockey, 
1975). Though pregnancy rates at the end of 
the breeding season were not different in heif-
ers exposed to high or medium serving capac-
ity bulls, those heifers bred to the former 
group conceived significantly earlier than 
those placed with the latter. This suggests 
that high serving capacity bulls were more 
efficient in handling heavy mating loads early 
in the breeding season, which indicates an 
economic benefit in selecting and using such 
bulls (Blockey, 1975).

When composite yearling bulls classified 
as being of low and high serving capacity 
were exposed to 25 naturally cycling cows for 
3 days, the percentage of cows served zero, 
one or two, and more than two times were 44, 
17 and 39% for low capacity bulls, and 32, 20 
and 48% for high capacity bulls, respectively. 
When these same bulls were exposed to nine 
oestrous cows for 1 day, there were no differ-
ences between groups in the total number of 
services or the average services per cow. 
Moreover, pregnancy rates did not differ 
between service capacity groups in either 
mating load situation (Boyd et al., 1989). In a 
different study, the number of services achieved 
by high serving capacity bulls in double-sire 
tests was almost double the number achieved 
by the low capacity bulls, but there was no 
difference between groups in the single-sire 
tests. Pregnancy rates after exposure of bulls 
to 15 oestrous females for 6 h also did not dif-
fer between high and low serving capacity 
bulls (Godfrey and Lunstra, 1989). Angus 
and Hereford bulls of various ages with a 
high libido test score achieved a greater 

number of services (approximately 21/bull) 
during 30–48 h of exposure to oestrous 
females than did bulls of medium score, but 
pregnancy rates after exposure for approxi-
mately 1 week did not differ between the 
high and medium libido groups (Farin et al.,
1989). In an extensive evaluation of fertility in 
109 Angus, Hereford and Senepol single-sire 
herds using BFRs of 1:12 to 1:36, correlations 
of libido test score of bulls ≥2-year-old with 
(overall) conception rate, conception rate 
during the first 21 days of the breeding sea-
son and calving date were all low and non-
significant (Larsen et al., 1990).

Controlling all the variables that affect 
the temporal expression of bull sexual behav-
iour is very difficult and represents a challenge 
to the development of tests that accurately 
reflect how bulls and females interact during 
natural breeding and how this interaction 
affects fertility. Although there is no doubt 
that libido and serving capacity affect bull 
reproductive potential, the limitations of the 
tests, combined with the labour intensity 
required for conducting them, and the contra-
dictory observations on the association of the 
test results with fertility, have limited the rou-
tine application of these tests to breeding 
bulls. However, it is always important to 
remember that observing a bull complete a 
service is very valuable information.

Selected Congenital Reproductive 
Disorders

Cryptorchidism

Cryptorchidism is characterized by failure of 
a testis to descent to its normal puberal posi-
tion within the scrotum. The pathogenesis is 
poorly understood, but may involve anoma-
lies in gonadotrophins, testosterone and Anti-
Müllerian hormone levels (Ladds, 1993; 
Amann and Veeramachaneni, 2007). A 26 year 
survey of North American Veterinary Schools 
revealed an overall incidence of 0.17% for 
bull cryptorchidism (St Jean et al., 1992), with 
the highest levels in Polled Herefords and 
Shorthorns (approximately 1.0%), and with 
polled bulls being 40% more represented than 
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horned bulls, regardless of breed. Unilateral 
cryptorchidism was most common, with the 
left side being twice as likely to be affected. 
Cryptorchidism was diagnosed in 0.43% of 
Chianina, Marchigiana and Romagnola bulls 
(Sylla et al., 2007), and in 1.4 and 0.9% of 
12- and 16-month-old Senepol bulls, respec-
tively (Godfrey and Dodson, 2005).

While the affected testis may be located 
at any position along the normal trajectory of 
descent, it is twice as frequently found in the 
inguinal canal than inside the abdominal 
cavity. Cryptorchidic testes inside the abdom-
inal cavity are usually located close to the 
internal inguinal rings (McEntee, 1990). 
Diagnosis is performed by attempting to 
identify the retained testis by palpation and/
or ultrasonography of the inguinal canal, and 
per rectum. Cryptorchidic testes are suscep-
tible to disturbed thermoregulation, hypo-
plasia and aplasia, as well as degeneration. 
Sperm production and semen quality are 
reduced or absent in unilaterally affected 
bulls, whereas those affected bilaterally are 
sterile (Roberts, 1986; Parkinson, 2001). There 
is strong evidence to suggest that cryptor-
chidism is a heritable condition in cattle, and 
affected bulls should be eliminated from 
breeding programmes (Roberts, 1986; Steffen, 
1997). Absence of one testis (monorchia) and 
subcutaneous (ectopic) testes have also been 
reported in bulls (McEntee, 1990).

Testicular hypoplasia

Testicular hypoplasia is a gross diagnosis that 
covers a number of different conditions with 
different histological characteristics, including 
germ cell deficiencies, germ cell weakness 
and arrested spermatogenesis (McEntee, 1990). 
The condition occurs owing to a partial or 
complete lack of germ cells in the seminiferous 
tubules. Failure of development of the primor-
dial germinal cells in the yolk sac, disrupted 
migration of these cells to the gonads, and 
abnormal multiplication or excessive degen-
eration after the cells reach the gonads might 
be involved in the pathogenesis of the condi-
tion (Roberts, 1986). At least in some cases, 
testicular hypoplasia does not appear to be 

caused by deficiencies in gonadotrophin 
and/or testosterone secretion, suggesting that 
impaired gonadal responses to these hor-
mones, abnormal secretion of intra-testicular 
factors or genetic defects are involved. The low 
number of germ cells and small diameter of 
the seminiferous tubules are probably respon-
sible for the smaller size of hypoplastic testes 
(Moura and Erickson, 2001). There appears to 
be no precise definition of testicular hypopla-
sia based on testicular measurement, though 
the condition is suspected when one or both 
testes are much smaller than expected for the 
age and the breed. Hypoplastic testes are usu-
ally small and firm with a smooth outline. In 
most cases, the other reproductive organs and 
sexual behaviour are normal (albeit the ipsilat-
eral epididymis might also be underdevel-
oped), and the reproductive capability of the 
affected bull is associated with its ability to 
produce normal sperm. The degree of either 
unilateral or bilateral testicular hypoplasia 
varies from nearly complete bilateral hypo-
plasia to only slightly and often unsuspected 
hypoplasia. Semen characteristics and fertility 
are equally variable from nearly normal to 
severe oligospermia (oligozoospermia) or azo-
ospermia – which result in infertility or com-
plete sterility (Gledhill, 1973; Roberts, 1986; 
Parkinson, 2001).

The most comprehensive characterization 
of testicular hypoplasia has been conducted 
in Swedish Highland cattle. An increased 
selection of animals with less pigmentation 
resulted in increased incidence of gonadal 
hypoplasia. The left testis was affected in 
approximately 82% of cases and the condition 
was bilateral in 14.5% of the cases. Histo-
logically, there was generalized germ cell 
deficiency, with most seminiferous tubules 
devoid of germ cells and lined by Sertoli cells 
only. Pedigree studies indicated that testicu-
lar hypoplasia in Swedish Highland bulls 
is caused by an autosomal recessive gene 
with incomplete penetrance (Gledhill, 1973; 
McEntee, 1990). The condition has also been 
extensively studied in Swedish Red and 
White cattle. In contrast to that observed in 
Swedish Highland bulls, affected testes of 
Swedish Red and White bulls contained at 
least some (but) degenerating germinal cells. 
The history of some affected bulls indicated 
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a gradual deterioration of sperm production 
and semen quality. Thus, testicular hypo-
plasia in Swedish Red and White bulls 
seemed to be caused by germ cell weakness 
and was associated with a progressive, uneven 
loss of germinal cells. Pedigree analysis pro-
vided strong evidence that the condition is 
heritable in this breed as well (McEntee, 1990; 
Settergren and McEntee, 1992).

Arrested spermatogenesis has been 
reported in Swedish Friesian and Hereford 
bulls. In these cases, both testes were affected, 
although only one became noticeably smaller 
with age. Affected bulls had watery ejaculates 
that might have contained multinucleated 
giant cells and free spermatids. Histological 
examination revealed that, whereas germ 
cells could develop to spermatids, subse-
quent spermiogenesis was halted, with no 
sperm development (McEntee, 1990). A simi-
lar condition has also been reported in one 
Angus bull in which histological examination 
of the testes revealed that germ cell develop-
ment was arrested during meiosis, and no 
development occurred past primary spermato-
cytes (Moura and Erickson, 2001). Trisomy 
(61,XXY or Klinefelter’s syndrome) also 
results in testicular hypoplasia. Affected bulls 
reportedly have normal libido and reproduc-
tive organs, but they are azoospermic with 
very small testes. Histologically, the vast 
majority of seminiferous tubules consisted 
of irregularly shaped masses of collagenous 
tissue; a few of these contained Sertoli cells, 
though none contained germ cells (Logue 
et al., 1979; Dunn et al., 1980; Schmutz et al.,
1994). Testicular hypoplasia and the pres-
ence of large foci of seminiferous tubules 
deficient in germ cells, with germ cells and 
multinucleated giant cells present in the 
tubule lumen have also been reported in 
XY/XX chimeras (Dunn et al., 1979; Bongso 
et al., 1981).

Regardless of its pathogenesis and path-
ological characteristics, testicular hypoplasia 
has been reported in various breeds, and sev-
eral reports suggest that the condition is more 
common in highly inbred cattle populations 
and might also be inherited (McEntee, 1990; 
Steffen, 1997). Double muscling, which is a 
characteristic also inherited as an autosomal 
recessive trait, has also been associated with a 

high incidence of bilateral testicular hypo-
plasia (Hoflack et al., 2006). Bulls with small 
testes or marked testicular asymmetry sug-
gesting hypoplasia should be eliminated 
from breeding programmes.

Blind-ending efferent ductules 
and aplasia of the epididymis

Blind-ending efferent ductules usually result 
as a failure of the mesonephric tubules to con-
nect to the rete tubules. Even so, the results 
from one study demonstrated that while 
eight out of 25 bulls had one to five blind-
ending ductules, either this population of 
bulls was more predisposed to the problem 
or, in most cases, the presence of a few blind 
ductules has no deleterious consequences. 
However, blind-ending ductules may become 
over-filled with sperm and rupture with the 
increasing pressure. The release of sperm into 
the interstitial space results in an immune 
reaction that leads to formation of sperm 
granulomas in the caput epididymis (Gledhill, 
1973; McEntee, 1990). If most or all of the 
efferent ductules are blind, the rete tubules 
become distended and the testis may become 
enlarged and oedematous.

Aplasia of the epididymis has been 
reported in several breeds of cattle. The con-
dition was observed in 11 of approximately 
2000 Red Danish Milk bulls and in 41 of 828 
bulls of unspecified breeds in the Netherlands. 
It has also been reported in Angus, Guernsey, 
Friesian, Holstein and Simmental bulls. 
Aplasia might be complete or segmental, and 
the condition might be bilateral or unilateral 
(Roberts, 1986; McEntee, 1990; Williams et al.,
2010). As observed with blind-ending effer-
ent ductules, the rete tubules in the testis 
ipsilateral to the abnormal epididymis may 
become distended and the testis might 
become enlarged and oedematous. The obser-
vation that four of 19 sons of a Red Danish 
Milk bull with unilateral aplasia also pre-
sented with this condition, and that almost 
a third of 60 fattening calves and newborn 
calves with aplasia of the epididymis were 
sired by one affected bull, provides circum-
stantial evidence that the condition is herit-
able (McEntee, 1990).
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Knobbed acrosome sperm defect

The appearance of the knobbed acrosome 
defect under light microscopy varies from a 
bead-like thickening on the sperm head apex 
to indentation and flattening of the apex. 
Contrary to the appearance that the nomen-
clature suggests, protrusion of the acrosome 
from the head ridge is actually an uncommon 
presentation of the defect in bulls (Fig. 12.12). 
An excess of acrosomal matrix and folding of 
the acrosome over the apex of the sperm head 
is observed by electron microscopy (EM). 
Membranous vesicles containing granular 
or membranous inclusions are commonly 
observed entrapped in the acrosomal matrix 
(Blom and Birch-Andersen, 1962; Cran and 
Dott, 1976; Barth, 1986; Barth and Oko, 1989). 
Although the knobbed acrosome defect can 
be caused by environmental factors (e.g. increa-
sed testicular temperature, stress), it can also
be of genetic origin in bulls. Genetically 
affected bulls consistently produce a large 
percentage of knobbed acrosome sperm 

without apparent cause and without signifi-
cant changes in other sperm defects (Barth 
and Oko, 1989; Chenoweth, 2005).

Pedigree analysis of affected bulls indi-
cated that the defect is probably caused by 
an autosomal recessive gene, and knobbed 
acrosomes of likely genetic origin have been 
described in Angus, Charolais, Friesian and 
Holstein bulls (Donald and Hancock, 1953; 
Hancock, 1953; Barth, 1986; Chenoweth, 2005). 
In Western Canada, approximately 0.6% of range 
beef bulls (10/1758) examined for breeding 
soundness produced >25% sperm with knob-
bed acrosomes; eight of these bulls were 
Charolais (Barth, 1986). A much greater prev-
alence (>6%) has been reported in a know-
ingly affected Angus herd (Chenoweth, 2005). 
In vitro studies have suggested that sperm 
with knobbed acrosomes have altered plasma-
lemma function that predisposes to prema-
ture sperm capacitation and a spontaneous 
acrosome reaction. Sperm with knobbed acro-
somes are unable to bind and penetrate the 
zona pellucida. Moreover, other genetic defects 

Fig. 12.12. The knobbed acrosome defect might appear as a slight folding of the acrosome (a), as a 
flattened or indented apex of the head (b–d) or as heavy coiling forming a ‘bead’ on the head (e, f). 
Protrusion of the acrosome from the head ridge is actually not a common presentation of this defect in 
bulls. Note that in (g) virtually all of the sperm are affected and although a few other abnormalities might 
be observed, knobbed acrosome is by far the most prevalent sperm defect in the sample. In this case, the 
proportion of sperm with knobbed acrosome defect also did not change with time, indicating that the 
abnormality was caused by a genetic defect. The images were obtained under 100× magnification from 
an eosin–nigrosin-stained sample.
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in otherwise morphologically normal sperm 
capable of fertilizing the oocytes probably 
contributed to the impaired embryonic devel-
opment observed in vitro after the use of semen 
from bulls producing genetically knobbed 
acrosomes (Thundathil et al., 2000, 2001, 2002). 
Bulls that produce a large percentage of knob-
bed acrosome sperm are infertile or sterile 
(Donald and Hancock, 1953; Hancock, 1953; 
Barth, 1986).

Rolled head, nuclear crest, giant head 
sperm syndrome

The presence of sperm with rolled heads, 
nuclear crests or giant heads (macrocephalic) 
can occasionally be observed in very low pro-
portions (<1.5%) in bull ejaculate. However, a 
syndrome that is characterized by the produc-
tion of large proportions of all three types of 
defects has been documented. In rolled sperm, 
the edges of the head are curved along the long 
axis to varying degrees. On EM, the plasma-
lemma bridges the gap between the two edges 
and does not follow the contour of the 
‘U’-shaped nucleus. A roughened line extend-
ing to variable lengths along the long axis of 
the sperm head characterizes the sperm 
nuclear crest. On EM, a typical crested nucleus 
presents three arms inclined at 120° to each 
other, though variations, including ‘Y’-shaped 
nuclei, also occur. Giant sperm heads are 1.5–2 
times larger than normal sperm heads and are 
frequently associated with multiple tails and 
knobbed acrosomes in bulls (Fig. 12.13) (Cran 

et al., 1982; Barth and Oko, 1989). The syn-
drome has been observed in Brown Swiss, 
Friesian, Holstein and South Devon bulls. 
Reports of its occurrence in closely related 
bulls suggest a genetic influence on this condi-
tion, but the mode of inheritance is not clear. 
Giant head sperm probably have an abnormal 
DNA content (e.g. diploid) and are usually 
immotile. Consequently, the fertility of affected 
bulls depends on the proportion of normal 
sperm in the ejaculate (Barth and Oko, 1989).

Stump tail sperm defect

Sperm affected with the stump tail defect 
have a short tail stump or rudimentary tail 
when observed under light microscopy. The 
stump is often covered by cytoplasmic, droplet-
like material attached to the sperm’s neck 
(Fig. 12.14). Care must be taken when examin-
ing semen samples to not confuse these sperm 
with simple detached sperm heads. EM shows 
that many of the droplet-like swellings con-
tain membranous structures, mitochondria, 
elements of fibrous sheath and individual 
fibrils. The axoneme is disorganized and does 
not display the normal tubular, fibre and 
sheath construction. The defect appears to be 
the result of an anomaly of development of 
the distal centriole (Blom, 1976; Blom and 
Birch-Andersen, 1980; Vierula et al., 1983; Peet 
and Mullins, 1991; Revell et al., 2000). Although 
no conclusive data is available, an auto-
somal recessive mode of inheritance has been 
suggested based on pedigree analysis of two 

Fig. 12.13. Rolled heads (a, b), nuclear crests (c, d) and giant heads (b–f) are abnormal sperm forms 
present in the ejaculates of bulls affected by the rolled head/nuclear crest/giant head syndrome. Double 
tails and acrosome defects are also common and most affected sperm are immotile (dead). The images 
were obtained under 100× magnification from an eosin–nigrosin-stained sample.
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affected Ayrshire bulls (Foote et al., 1992). The 
defect has also been described in Charolais, 
Friesian, Hereford, Holstein, Shorthorn and 
Swedish Red and White bulls. Total sperm 
number in affected bulls is usually much lower 
than normal and >60% of the sperm can be 
affected. Most sperm are dead and immotile; 
consequently, affected bulls are usually sterile 
(Blom, 1976; Williams, 1987; Barth and Oko, 
1989; Peet and Mullins, 1991; Revell et al., 2000).

Decapitated sperm defect

Detached sperm heads are commonly observed 
in the ejaculate of bulls and might result from 
abnormal spermatogenesis or from ageing of 
the sperm in the reproductive tract. The decapi-
tated sperm defect is a specific form of detached, 
tailless sperm. Two characteristics that assist in 
identifying this defect as a specific syndrome 
are active movements of the free tails when live 
sperm are evaluated, and the formation of a loop 
in many of the detached midpieces (Fig. 12.14). 

Moreover, >80% of sperm are usually affected 
and this proportion does not change with 
semen collection frequency or time between 
collections. EM shows this defect to be charac-
terized by malformation of structures at the 
base of the head, especially the implantation 
fossa and the basal lamella, resulting in ‘weak’ 
anchorage of the capitulum (Blom and Birch-
Andersen, 1970; Blom, 1977). The defect has 
been described in Chianina, Guernsey, Hereford 
and Swedish Red and White bulls, and is most 
likely associated with a recessive gene, at least 
in the Guernsey breed. Fertility depends on the 
proportion of affected sperm in the ejaculate, 
but is usually low (Barth and Oko, 1989).

‘Dag’ sperm defect

On light microscopy, the Dag defect is 
characterized by strongly coiled tails associ-
ated with rough, incomplete mitochondrial 
sheaths and usually accompanied by fractures 
of the axonemal fibres (Fig. 12.15). On EM 

Fig. 12.14. The stump tail defect is sometimes overlooked, as affected sperm appear similar to simple detached 
heads. However, closer examination reveals the presence of a short tail stump in most of them. The stump is 
often covered by cytoplasmic, droplet-like material (a–e). Although detached sperm heads are commonly 
observed, detached tails are usually observed less frequently. In contrast, the genetic form of decapitated 
sperm is characterized by the presence of a large proportion of both detached heads and detached tails (f). 
In the stump tail defect, the proximal portion of the midpiece is usually bent or coiled and the tails are motile 
when unfixed samples are observed; care must be taken not to confuse those with microcephalic sperm. 
The images were obtained under 100× magnification from an eosin–nigrosin-stained sample.
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examination, transverse sections of the tail 
usually contain more than one axoneme and 
all elements are enclosed in a common plas-
malemma. The mitochondrial sheath appears 
irregular and disorganized, and the axoneme 
is abnormal with one or more doublets miss-
ing. These changes in the axoneme are accom-
panied by an absence or displacement of the 
corresponding dense fibres (Koefoed-Johnsen 
and Pedersen, 1971; Blom and Wolstrup, 
1976; Andersen Berg et al., 1996). The Dag 
defect is named after a Jersey bull in which 
the defect was first identified and has since 
been described in Hereford and Swedish Red 
and White bulls. The defect is probably caused 
by an autosomal recessive gene. Genetically 
affected bulls produce a large percentage of 
sperm with the defect (>40%), have very low 
numbers of motile sperm and are severely 
sub-fertile or sterile (Blom, 1966; Koefoed-
Johnsen and Pedersen, 1971; Blom and 
Wolstrup, 1976; Barth and Oko, 1989). A small
percentage of similar (‘Dag-like’) defects can 
sometimes be observed in association with 
other defects in cases of disrupted spermato-
genesis, though in these cases the proportion 
of affected sperm is usually low (<5%) and 
changes with time.

Short tail sperm defect

The short tail sperm defect has been described 
in Finnish Yorkshire boars. Affected sperm are 
immotile and are characterized by malforma-
tion of the tail, in which the axonemal struc-
ture is abnormal, although the structure and 
function of other ciliated cells in the animal do 
not appear to be affected (Sukura et al., 2002). 
In pigs, the defect is inherited as an autosomal 
recessive condition caused by an insertion 
in the KPL2 gene in porcine chromosome 16 
(Sironen et al., 2002, 2006). A similar defect 
has been observed in two half-brother Red 
Charolais bulls in Canada (A.D. Barth, per-
sonal communication). On light microscopy, 
only the initial segment of the principal piece 
appeared to have formed. In some sperm, 
abnormally thin segments of the principal 
piece seemed to bend over the midpiece, 
whereas in others a distal cytoplasmic droplet 
was retained and was either associated with 
a distal midpiece reflex or not (Fig. 12.16). 
The defect has also been recently described in 
three related Nelore (B. indicus) bulls, providing 
further suggestion that the condition might 
be genetically influenced in bulls (Siqueira 
et al., 2010).

Fig. 12.15. The Dag defect is characterized by midpiece abnormalities that include bending, coiling or 
breaking. The difference from other forms of tail defects is the roughed, swollen appearance of the 
midpiece (a–d) and the observation that virtually all sperm in the ejaculate are affected (e). The images 
were obtained under 100× magnification from an eosin–nigrosin-stained sample.
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Congenital erectile dysfunction

During erection in the bull, the ischiocaverno-
sus muscles contract and relax rhythmically, 
pumping blood into the corpus cavernosum 
penis (CCP), while occluding the veins that 
drain this space, thereby increasing the blood 
pressure within the CCP and ‘stiffening’ the 
penis. Erectile dysfunction results from abnor-
mal blood influx into, or efflux from, the CCP. 
In either case, the increased blood pressure 
required to produce erection cannot be achieved 
and the penis becomes semi-erect only or 
remains flaccid. Congenital failure of occlu-
sion of the veins that drain the CCP during 
fetal life results in abnormal venous drainage 
into the dorsal vein of the penis and erectile 
dysfunction. Abnormal venous drainage 
of the CCP has been reported in Devon, 
Charolais, Friesian and Hereford bulls aged 
from 18 months to 5 years in which normal 
service had never occurred, despite adequate 
libido. The flaccid penis protruded from the 
preputial orifice in only one bull. Contrast 
radiography revealed that, contrary to the 
situation observed in a normal bull, numerous 

veins directly drained the fine cavernous spaces 
and the ventral canals of the CPP into the dorsal 
venous system in these bulls (Ashdown et al.,
1979a; Glossop and Ashdown, 1986).

Congenital blockage of the longitudinal 
canals of the CCP also prevents consistent 
increased blood pressure from occurring 
throughout the CCP, also resulting in erec-
tile dysfunction. This condition has been 
reported in Hereford, Friesian and Sussex 
bulls 2 to 2.5 years old with the same pres-
entation as those with abnormal venous 
drainage of the CCP. Radiographic exami-
nation in these cases revealed that contrast 
media injected into the CCP does not spread 
throughout the entire length of the penis. 
Post-mortem examinations revealed that 
the longitudinal canals of the CCP were 
occluded by dense, translucent fibrous 
tissue (Ashdown et al., 1979b; Parkinson, 
2001). Diagnosis of erectile dysfunction is 
made by the observation of erection failure 
during a test of serving ability. Palpation of 
a mostly flaccid penis during stimulation 
with an electroejaculator may help to rein-
force the diagnosis. A history of previous 

Fig. 12.16. The short tail defect is a genetic sperm defect that has been well documented in boars but 
has also been observed in bulls. It is characterized by malformation or absence of the principal piece (a). 
Distal cytoplasmic droplets are observed in some sperm, associated or not with a distal midpiece reflex 
(b, c). In other cases, the rudimentary principal piece seems to be composed only of the axoneme 
(d) and virtually all sperm in the ejaculate are affected (e). The images were obtained under 100× 
magnification from an eosin–nigrosin-stained sample.
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successful breeding also helps to determine 
whether the condition is congenital or acquired.

Congenital short penis and short 
retractor penis muscle

Congenitally short penis has been reported in 
20 sons of a Hereford bull and in two closely 
related Guernsey bulls (Roberts, 1986); the 
problem has also been observed in bulls of 
several other breeds (A.D. Barth, personal 
communication). In affected bulls, the erect 
penis does not protrude more than 10 to 15 cm 
from the preputial orifice, even though the 
retractor penis muscle is normal and there are 
no adhesions of the penis to the prepuce pre-
venting normal extension. In most cases, the 
sigmoid flexure does not form a sharp ‘S’ 
shape at rest as in normal bulls. Short retrac-
tor penis muscle has been reported as a prob-
able recessive hereditary condition in Friesian 
bulls (Roberts, 1986). The presentation is very 
similar to that of congenitally short penis, 
except that the sigmoid flexure is normal but 
fails to distend during copulation or when 
manually forced during EE.

Young bulls with either a short penis or 
short retractor penis muscle may be able to 
breed heifers, although copulation becomes 
impossible as the bulls gets older, larger and 
less agile as the tip of the penis cannot reach 
the vulva. Personnel in AI centres should be 
trained to identify these conditions as semen 
from affected bulls can often still be collected 
with use of an artificial vagina. Myotomy of 
the retractor penis muscle to correct the defect 
is not advised and is illegal in certain coun-
tries (Gledhill, 1973). Because there is strong 
evidence that these conditions are heritable, 
affected bulls should be eliminated from 
breeding programmes.

Persistent penile frenulum

At birth, the penis is ventrally united to the 
prepuce by a band of connective tissue called 
the frenulum. The frenulum gradually breaks 
down as the bull matures, and separation of the 
penis and prepuce is completed between 8 and 

11 months of age. The persistent frenulum may 
be represented as just a thin band of tissue or as 
a thick and broad band that contains a promi-
nent vessel. Persistence of the penile frenulum 
results in deviation of the glans penis and 
prevents normal copulation (Roberts, 1986; 
McEntee, 1990; Steffen, 1997). One study has 
demonstrated that the presence of a persistent 
frenulum in 11-month-old bulls (10.5%) was 
significantly greater than in older bulls (4.4 to 
1.9%), probably due to spontaneous separation 
while attempting to breed (Bruner et al., 1995). 
Other studies have reported a prevalence of 3.6 
to 5% in yearling bulls (Carroll et al., 1964). 
Some studies indicate that certain breeds are 
more commonly affected; others have reported 
increased prevalence in highly inbred Hereford 
and Angus herds (Carroll et al., 1963, 1964; 
Elmore et al., 1978; Bruner et al., 1995). The 
prevalence of 7.1% found in young Belgian 
Blue bulls seemed higher than previously 
reported in other breeds (Hoflack et al., 2006). 
Transection of the frenulum is often easy and 
completely resolves this problem, but knowl-
edge of the heritable nature of this condition 
would suggest caution in using this approach 
in bulls destined to produce breeding stock 
(Steffen, 1997).

Spiral deviation of the penis

Spiral twisting of the penis during ejacula-
tion, ranging from a slight twist to a 360° spi-
ral, was observed in over half of bulls from 
which semen was collected using a transpar-
ent artificial vagina, and thus may be consid-
ered to be a normal phenomenon (Seidel and 
Foote, 1969). However, spiral deviation of the 
penis (‘corkscrew penis’) occurring before 
intromission prevents normal copulation and 
is considered abnormal. The pathogenesis of 
the abnormality may involve the breakdown 
or stretching of the attachment of the dorsal 
ligament of the penis to the tunica albuginea, 
and/or neuromuscular disorders. In one sce-
nario, the dorsal ligament of the penis slips in 
position to the left, as the glans bends down 
and to the right, pulling the tip back into a 
spiral. Spiralling presumably occurs when 
the length of the body of the penis exceeds 
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that of its enveloping integument, involves 
only the glans and is always counterclock-
wise. Some bulls may experience one or more 
seasons of normal breeding before develop-
ing the problem and others may invariably 
display premature spiralling when attempt-
ing service (Ashdown and Pearson, 1973; 
Blockey and Taylor, 1984; Roberts, 1986; 
McEntee, 1990; Parkinson, 2001) Spiralling of 
the penis can also be elicited during EE, but 
this is not necessarily associated with the 
abnormal condition.

Spiral deviation of the penis has been 
reported in several breeds, with a higher 
prevalence noted in polled than in horned 
bulls (Ashdown and Pearson, 1973; Blockey 
and Taylor, 1984). In the USA, an overall 
prevalence of 2% has been reported, with spi-
ral deviation being the most common penile 
defect described (Carroll et al., 1963). A much 

higher prevalence (10%) was observed in 
1083 bulls aged 2–11 years in Australia. 
Prevalence was greater (16%) in polled bulls 
(Angus, Polled Hereford, Polled Shorthorn 
and Red Poll) than in horned Hereford bulls 
(1%), and increased after 2 years of age. An 
overall herd prevalence of 60% was observed, 
with 25 of 42 herds having at least one affected 
bull. Over a period of 4 years, 25 of 44 Angus 
bulls from one herd developed the condition. 
Of these, 22 bulls had a common grandsire. 
Nine affected Angus bulls from another herd 
were bred by a common sire and a common 
grandsire was also identified for three 
affected Red Poll bulls (Blockey and Taylor, 
1984). Even though the mode of transmission 
has not been elucidated, there is a strong sus-
picion that the condition is heritable, and 
affected bulls should be eliminated from 
breeding programmes (Steffen, 1997).
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Introduction

The conduct of a breeding soundness evalua-
tion (BSE) on extensively managed Bos indi-
cus bulls, particularly when this is done in 
tropical regions, presents particular challenges 
for both the handling of the examination and 
the interpretation of results. The former con-
sideration includes poor facilities in combina-
tion with potentially fractious bulls; the latter 
includes a relative lack of relevant reference 
data on which to base decisions. Here, it is 
evident that reliance on the large amount of 
information collected on Bos taurus bulls in 
temperate environments is insufficient owing 
to differences that occur in genotype, environ-
ment and management. In this chapter, an 
attempt is made to describe a number of these 
differences and to place them within the con-
text of conducting and interpreting the BSE of 
B. indicus bulls in tropical regions.

Overview

Bos indicus is one of the two major species of 
the genus Bos, which probably originated 
from a common non-humped ancestor. For 
many people, B. indicus and zebu cattle denote 
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similar animals, although the term zebu 
specifically refers to the humped cattle 
apparently developed by selection from non-
humped B. indicus in India and Pakistan. 
B. indicus cattle have also been referred to as 
‘indigenous’ cattle. Because most B. indicus
genotypes throughout the world are humped, 
the terms zebu and B. indicus will be used 
interchangeably throughout the course of this 
chapter. Nevertheless, it should be recog-
nized that as indigenous non-humped cattle 
exist in various parts of the world, the arbi-
trary use of the word zebu to denote B. indicus
cattle might cause confusion.

Within the India/Pakistan subcontinent, 
there are at least 30 separate B. indicus breeds, 
which are divided into six major groups (I, II, 
III, IV, V, VI) according to a classification by 
Joshi and Phillip in 1953 (Sanders, 1980). Of 
those foundation strains, groups I, II and III, 
which are represented by Guzerat, Nellore 
and Gir breeds, respectively, have had by far 
the most influence on zebu cattle breeding in 
Asia, Australia, North America and Latin 
America. Other composite breeds were devel-
oped more recently through various breed 
crosses. This is the case for the Indu-Brazil, 
which was developed in Brazil from a base 
that involved primarily Gir, Guzerat and 
Nellore foundations; it is also the case for 
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the Brahman, which was developed in the 
USA by breeding Guzerat and Nellore (Gray 
Brahman), or Gir and Indu-Brazil, with some 
Guzerat influence (Red Brahman), and the 
probable inclusion of some influence from 
criollo type cattle. While phenotypic and pro-
ductive features (including milk attributes) 
differ widely among breeds, the major use 
of B. indicus cattle in tropical and subtropi-
cal areas in the western world has been for 
beef purposes, either as pure or as crossbred 
animals.

Features commonly associated with 
B. indicus genotypes include heat and para-
site tolerance and the ability to successfully 
adapt to difficult nutritional conditions, such 
as those prevailing in many tropical areas. 
Additional, less favourable, features include 
delayed puberty and sexual maturity, poor 
calf survival, prolonged calving–conception 
intervals and, in general, reduced fertility 
in comparison with B. taurus genotypes. 
Further, B. indicus males have developed 
a reputation in some quarters for having 
smaller testicles, lower libido and poorer 
semen quality than their B. taurus equiva-
lents. Consequently, low productive perfor-
mance has been historically associated with 
B. indicus cattle.

However, this reputation for poor repro-
ductive capability raises questions about the 
relative roles of genetics, environment and 
management practices. The central question 
is whether B. indicus cattle are inherently of 
low genetic fertility or whether their poor 
reproductive performance is the conseque-
nce of a number of external influences, incl-
uding environment and mismanagement. In 
this chapter, the latter opinion is supported. 
The extensive and stressful conditions under 
which B. indicus cattle are managed have con-
founded environmental and genetic factors 
and allowed the myth to develop that they 
can achieve maximum production with mini-
mal input.

The chapter will first address general 
physiological aspects of B. indicus bulls before 
leading into practical approaches for evaluat-
ing their andrological status, taking into con-
sideration the genetic, social and management 
factors that may influence findings and their 
interpretation.

Physiological Characteristics of 
Zebu Bulls

Significant physiological particularities have 
been determined in B. indicus males. The abil-
ity of this genus to withstand the environ-
mental conditions prevailing in the tropics has 
been widely recognized for many decades 
(Cartwright, 1955; Turner, 1980; Kumi-Diaka 
et al., 1981), although much of the original 
focus of study was on their capacity to resist 
the effects of climate. It is now recognized 
though that B. indicus cattle possess superior 
capabilities to withstand other adverse effects 
on cattle production in tropical areas as well, 
such as low quality forages, and diseases 
especially caused by haemoprotozoa and 
other parasites (Cartwright, 1980).

B. indicus bulls have a greater capacity 
than B. taurus bulls to regulate their body 
temperature in a tropical environment. 
Studies by Carvalho et al. (1995) in Brazil 
showed that B. indicus sires have more sweat 
glands per unit area of the skin and greater 
sweat production than B. taurus bulls. The 
difference in sweat gland efficiency is thought 
to be the result of the distinct glandular 
shape in B. indicus versus native or imported 
Simmental (B. taurus) bulls (baggy and tubu-
lar shaped respectively). This characteristic is 
positively correlated (P < 0.01) with the 
perimeter of the sweat glands (540 ± 19 mm
versus 382 ± 27 mm and 497 ± 17 mm, respec-
tively). In addition, the number of layers of 
the epidermis (epithelial strata) was greater 
in B indicus than in native or imported 
Simmental (14.93 versus 7.15 and 4.5, respec-
tively), and this was negatively correlated 
with body temperature during resting or 
exertion (Carvalho et al., 1995). The higher 
number of epithelial strata in B indicus may be 
involved in the maintenance of body tem-
perature. Consequently, the sweating ability 
of these animals is greater and increases more 
quickly in a hot environment, thus allowing 
B indicus bulls to lose more heat by skin evap-
oration than European breeds. As a result, 
signs of heat stress are rarely seen in B. indicus
bulls exposed to temperatures up to 37°C and 
high humidity (Da Silva and Casagrande, 
1976; Carvalho et al., 1995). The smooth hair 
coat of zebu bulls has also been found to 
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provide good resistance to solar radiation 
(Turner, 1980; Finch, 1986; Carvalho et al., 1995).

B. indicus cattle are further recognized for 
their ability to better utilize low-quality for-
ages and their lower nutritional requirements 
for maintenance than B. taurus cattle (Turner, 
1980; Wildeus and Entwistle, 1984). Rekwot 
et al. (1994) suggested that B. indicus bulls are 
able to lower their metabolic rate during the 
dry season when good quality pastures are 
scarce. In general, B. indicus cattle exhibit a 
higher resistance to ticks and fly infestations 
than B. taurus cattle (Riek, 1962; Turner, 1980; 
Fordyce et al., 1996) as well. The skin thick-
ness and its local defence mechanisms of the 
species could explain this feature.

Haematological differences between 
B. indicus and B. taurus cattle have been 
reported too. Turner (1980) found higher red 
blood cell counts and haemoglobin levels in 
Brahman (B. indicus) than in Hereford (B. tau-
rus) bulls in Florida, which concurred with 
earlier findings (Evans 1963). This condition, 
together with their mechanisms of heat loss, 
may explain the lower body temperatures 
and respiration rates observed in B. indicus
during rest or after walking in a tropical cli-
mate (Cartwright, 1955; Turner, 1980; Finch, 
1986; Carvalho et al., 1995).

On testicular and scrotal thermoregula-
tion, Turner (1980) reported that the scrotal 
skin in B. indicus bulls is hairless and less 
thick than that in B. taurus sires. These features 
may facilitate heat loss from superficial tes-
ticular vessels, and so act in favour of testicu-
lar thermoregulation. According to Brito et al.
(2004), the ratio of testicular artery length and 
volume to testicular volume ratios were sig-
nificantly larger in B. indicus and related 
crossbreeds than in B. taurus bulls. B. indicus
sires also showed smaller testicular artery 
wall thickness than crossbred and B. taurus
bulls (averages 192.5, 229.0 and 290.0 mm,
respectively) and arterial to venous distances 
(averages 330.5, 373.7 and 609.4 mm, respec-
tively) (Brito et al., 2004). Consequently, the 
proximity between the arterial and venous 
blood vessels in B. indicus males is more effi-
cient in lowering the temperature of the arterial 
blood reaching the testicles. These physiolog-
ical attributes might explain the lower preva-
lence of testicular degeneration – presumably 

resulting from environmental heat stress in 
the tropics – in B. indicus than in B. taurus
bulls (Vale Filho et al., 1980; Kumi-Diaka et al.,
1981; Wildeus and Entwistle, 1983, 1984; Crabo, 
1988; Ohashi et al., 1988; Chacón, 2000).

Puberty and Sexual Maturity

Factors involved in the modulation of puberty 
and sexual maturity have received scant 
attention in B. indicus compared with B taurus
bulls. Moreover, the available information 
has been generated from limited bull popula-
tions. Although the chain of endocrine and 
other events associated with puberty attain-
ment are similar in the two species, there is 
general agreement that B. indicus bulls reach 
puberty and sexual maturity at a later age 
than do B. taurus males, even when they are 
raised under similar conditions (Igboeli and 
Rakha, 1971a; Fields et al., 1979, 1982; Vale 
Filho et al., 1980; Wildeus and Entwistle, 1982; 
Silva-Mena, 1997). Reports on age at puberty 
and sexual maturity in B. indicus bulls differ 
according to the breed involved, the condi-
tions of the study (particularly the nutri-
tional management of the experimental 
animals) and how puberty and sexual matur-
ity achievement were defined. Many studies 
have employed the definition of puberty of 
Wolf et al. (1965) as the age at which a bull is 
first capable of producing an ejaculate con-
taining at least 50 × 106 spermatozoa with a 
minimum of 10% progressive motility. Others 
have defined puberty by recognizing histo-
logical indicators of the onset of spermato-
genesis in preparations of testicular tissue. 
While the latter method has the potential of 
achieving greater accuracy than the former, it 
suffers from the disadvantage of being unable 
to be repeated in the same animal.

Scrotal circumference (SC) is the best 
predictor and indicator of age at puberty and 
sexual maturity in zebu bulls, regardless of 
breed, and even more than body weight or 
chronological age. In tropical Costa Rica, 
ongoing studies on a large population of 
Brahman (n = 323) and Nellore (n = 98) bull 
calves that are grass fed and supplemented 
with minerals have shown that all of those that 
were able to reach 28.0 cm SC at 16 months of 
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age were sexually mature at this time. In 
addition, differences (P < 0.0001) in SC with 
age (27.5 versus 26.4 cm and 18.8 versus 18.0 
months, respectively) were found at puberty 
in both breeds ( J. Chacón, unpublished). This 
feature supports the use of SC as an indicator 
of puberty and as a selection criterion in 
young zebu sires, particularly as it also has 
other attributes, which include a significant 
correlation with sperm production, semen 
quality and fertility.

Using Wolf’s definition, the age at pub-
erty in supplemented pasture-raised White 
Fulani (n = 6) and Sokoto zebu bulls (n = 6) 
in Nigeria was reported as 15.5 and 17 months
respectively (Oyedipe et al., 1981), whereas 
in similarly raised Brahman bulls (n = 12) in 
Yucatán, México, the mean age at puberty 
was reported to be 17 months, with a mean 
body weight and SC of 374 ± 22.5 kg and 
28.6 ± 0.6 cm, respectively (Silva-Mena, 1997). 
Supplemented hay-fed Brahman males (n = 10), 
which were monitored from 8 to 20 months 
of age in Florida, attained puberty at around 
15.9 months of age, weighing 432 ± 16 kg
and with an SC of 33.4 ± 1.2 cm (Fields 
et al.,1982). This relatively large testicular size 
in contrast with a number of comparable 
studies could be attributed to this being a 
closed herd that had been selected and man-
aged optimally for some years. In another 
study in Florida, and in the same breed, 
Morris et al. (1989) suggested that puberty 
was attained between 14 and 15 months of 
age. However, no semen collection was per-
formed in this study, with age at puberty 
being estimated based on the period of 
accelerated testicular growth. In tropical 
Venezuela, Guzerat (n = 159) and Nellore (n = 60) 
supplemented pasture-raised bulls reached 
puberty at 18.0 ± 2.0 and 18.5 ± 2.7 months of 
age, with an SC of 25.6 ± 2.2 versus 23.6 ± 
0.2 cm and body weight of 310 ± 42 versus 
268.1 ± 12.1 kg, respectively (Trocóniz et al.,
1991). Other studies carried out in the same 
location with Brahman bulls (n = 4) reported 
puberty at an age of 21.3 months with a 
mean body weight and SC of 287.3 ± 67.8 kg 
and 24.9 ± 2.4 cm, respectively (Ocanto et al.,
1984). In considering these results and 
others from different world regions, it is 
apparent that both genetic and environmental 

influences can strongly affect the age at 
puberty in B. indicus males.

Puberty, though, is not synonymous with 
sexual maturity or even acceptable fertility. 
For example, in yearling Tabapuâ (n = 246) 
zebu bulls (a B. indicus × B. Taurus crossbreed 
developed in Brazil), Corrêa et al. (2006) 
reported values for sperm motility and total 
spermatozoa per ejaculate (× 106) ranging 
from 14.0 to 42.0% and 91 to 315.8, respec-
tively. Despite such values being consistent 
with evidence of puberty attainment, they 
would not permit these bulls to pass a BSE or 
to achieve satisfactory levels of breeding fer-
tility. Those hurdles were not reached in these 
same bulls until they achieved a mean SC and 
body weight of 33.5 cm and 490 kg, respec-
tively, which, in some bulls, was not until 
they were 2 years old.

Studies based on histological analysis of 
the testis parenchyma and epididymal con-
tents of young zebu males showed that only 
Sertoli and spermatogenic stem cells were 
found in the seminiferous tubules of 7-month-
old grass-fed Angoni (short horn B. indicus)
bulls in Nigeria (Igboeli and Rakha, 1971a). 
The onset of spermatogenesis was detected at 
9 months of age, leading to the presence of 
first spermatozoa in the cauda epididymis at 
11 months of age. Puberty was estimated to 
have occurred by approximately 14 months 
old in this breed (Igboeli and Rakha, 1971a). 
Similar results were found in two different 
studies by Aire and Akpokodje (1975) and 
Aponte et al. (2005), in Nigeria and Venezuela, 
respectively. In the first study, conducted 
with supplemented pasture fed White Fulani 
(n = 20), primary spermatocytes were found 
at 9 months of age and spermatozoa were 
present in large numbers at 15 months of age 
in both the seminiferous tubules and all 
regions of the epididymis. In the second 
study, conducted with similarly raised 
Brahman bulls (n = 20), the onset of spermato-
genesis was estimated to occur at an average 
at 9 months of age.

Another event that occurs around the age 
of puberty in zebu sires is the detachment of 
the preputial mucosa from the glans penis. This 
is a gradual phenomenon starting at around 
7 months of age in most zebu breeds and in 
Guzerat and Nellore bulls under tropical 
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conditions is completed at around 16 months
of age (Trocóniz et al., 1991). Ocanto et al.
(1984) reported the total separation of the pre-
putial mucosa between 18 and 22 months of 
age in Brahman bulls; as this phenomenon is 
reportedly dependent on testosterone levels, 
which, in turn, are increased by puberty, the 
nutritional status of the bulls may explain 
the delayed age reported for this event in 
this study.

Nutrition plays a significant role in the 
onset of puberty and attainment of sexual 
maturity in B. indicus bulls (Igboeli and 
Rakha, 1971a; Crabo, 1988; Vale Filho et al.,
1996). For example, supplemented pasture-
fed Boran bulls (n = 27) in Ethiopia reached 
puberty earlier (16.4 versus 17.8 months, 
respectively, P < 0.05), were heavier (208.6 ± 
6.0 versus 193.5 ± 7.6 kg, respectively) and 
had larger SC (24.5 ± 0.6 versus 23.3 ± 0.6 cm, 
respectively) than control animals that 
were not supplemented (Tegegne et al., 1992). 
Underfed young B. indicus bulls show impai-
red body growth, delayed puberty and a 
retarded development of their endocrine 
system and reproductive tract (Rekwot et al.,
1994). Deficiencies of essential micronutri-
ents, such as zinc, selenium and vitamins A 
and E can negatively affect gonadotrophin 
release by the pituitary gland, thus impairing 
the replication and functionality of Sertoli 
cells, as well as hormone steroid synthesis by 
Leydig cells (Dunn and Moss, 1992). Because 
the critical process of Sertoli cell division 
occurs during the peri-pubertal period only, 
nutritional deprivation at this stage can seri-
ously and irreversibly impair the potential 
reproductive performance of young zebu bulls.

Breeding Management of B. indicus
bulls in Tropical Areas

Beef cattle production in tropical regions is 
largely dependent upon pure or crossbred 
B. indicus cattle that are extensively managed 
on natural pasture. Breeding of the herd is 
carried out by means of natural mating by 
using one or several bulls per herd. Data from 
tropical Costa Rica indicate that natural mat-
ing accounts for at least around 95% of the 
cows sired in beef farms. In general, B. indicus

bulls are first bred at not earlier than 
24 months. Breeding bulls are managed using 
continuous (i.e. the male mixed with the herd 
the whole year) or temporal mating seasons 
with one sire (single sire system) or several 
sires (multiple sire system). Data from the 
Andrology Section of the Veterinary School of 
the Universidad Nacional (UNA) of Costa 
Rica, based on 1100 BSEs of zebu bulls from 
the dry Pacific area, showed that 47.6% of the 
males (n = 524) were in a continuous mating 
system, and 49.5% of them were in multiple 
sire systems in which mixed-age or mixed-
breed groups were common (Chacón, 2000). 
Additionally, around 7% of the bulls exam-
ined were over 7 years old.

The mean of bulls per group in multiple 
sire systems in Costa Rica was 4.0 (range 
3–11) breeding sires for an average of 101.8 
(range 15–450) cows. The mean number of 
cows in a single sire mating system was 29.3 
animals (Chacón, 2000). These data call atten-
tion to the fact that, regardless of the system 
used, there is a bull/cow ratio of approxi-
mately 1:25, which is similar to data reported 
from other tropical countries (McCosker et al.,
1989). This management strategy is used by 
most farmers, as it is believed to represent the 
maximum breeding capacity of a sire in natu-
ral mating, and because it compensates for 
bull sub-fertility.

Fertility in B. indicus bulls

The reproductive efficiency of breeding herds 
in tropical regions, where beef cattle produc-
tion is based upon B. indicus breeds exten-
sively managed on natural pastures, has often 
been reported to be low compared with those 
in more temperate areas, where B. taurus cat-
tle predominate.

Müller (1990) estimated that, in Central 
America, the yearly calving rate in beef cattle 
does not reach 50%, and stressed that poor 
reproductive efficiency of the breeding 
males contributes largely to this scenario – a 
situation that is still evident (Chacón, 2009). 
Similar calving rates reported from other 
tropical areas, such as in Mexico (Lamothe 
Zavaleta, 1990) and Colombia (Murgueitio, 
1990), confirm this observation. How much of 
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the problem is attributable to the sire’s role 
is, as yet, undetermined. However, a lack of 
periodic andrological control to determine 
the suitability of bulls for natural breeding 
certainly contributes to the poor reproductive 
performance that is often encountered. This 
observation is reinforced by the fact that, 
when andrological monitoring is applied, it 
often results in the identification of bulls with 
poor reproductive capabilities. It is consid-
ered that routine identification and elimina-
tion of problem males from breeding herds 
would help to counter the probably errone-
ous view held by some authors that B. indicus
bulls have an inherently low fertility.

Fertility is a multifactorial status to 
which both males and females contribute. 
Males must produce a fertile ejaculate and be 
competent in delivering this to the female. 
Females must be able to produce fertile oocy-
tes and provide a reproductive system com-
patible with sperm transport, capacitation, 
fertilization of the ova, and embryo and fetal 
development.

The fertility of naturally mating B. indicus
breeding bulls, when measured by means of 
their pregnancy or calving rates, must embrace 
a wide range of decisive factors, which can 
include climatic stressors, cyclicity and fertil-
ity of females, nutritional constraints, sexual 
behaviour and a number of management con-
siderations that are particularly pertinent for 
this species. For example, B. indicus bulls tend 
to spend more time in courtship than do 
European breeds, and this is possibly associ-
ated with females tending to spend less 
time in oestrus. Observations that Brahman 
bulls may miss mating opportunities owing 
to focus on a particular female (Aguilar 
Chavarria, 2008) have yet to receive scientific 
validation.

Under natural mating conditions, the 
fertility of B. indicus bulls differs between 
studies. Chenoweth and Osborne (1975) stud-
ied the performance of Brahman bulls 16–31 
months old in Queensland, Australia. They 
found lower libido scores in this breed asso-
ciated with its lower pregnancy rate (54.9%) 
compared with Shorthorn–Hereford (B. taurus)
(64.4%) and the Africander crossbred (B. indicus)
(79.1%) after breeding with 20 to 35 cows for 
7 weeks individually. Although no differences 

in semen quality were noted between breeds, 
it is noticeable in this study that Brahman 
bulls were not selected before the mating 
period, so they also had the highest preva-
lence of presumed testicular hypoplasia 
(11.1% versus 1.4% overall), which could 
have accounted for these fertility differences. 
In fact, individually, many Brahman bulls 
performed as well as the best sires from the 
other breeds. Moreover, the use of some 
young Brahman bulls (16 months old) prob-
ably influenced the differences found as a 
result of sexual immaturity and lack of 
mating experience compared with the other 
bulls tested.

Crockett et al. (1978) reported the preg-
nancy records from mature (4 year old) Angus 
(B. taurus), Hereford and Brahman bulls in 
Florida, which were naturally mated with 
groups of 30 heifers for 90 days. Here, breed 
group affected pregnancy rates, being lower 
for the Brahman genotype (72%) compared 
with the other breeds (89.9%). It should be 
noted, though, that these bulls were selected 
on the basis of phenotype records as the main 
criteria.

Silva-Mena et al. (2000) studied the sexual 
behaviour and pregnancy rates of Brahman 
and Nellore bulls (n = 15), which were bred 
individually with groups of 16 oestrus- 
synchronized heifers in Mexico. The mean 
pregnancy rate under these conditions was 
59.2 ± 5.8%, which was similar to values 
reported for European breeds by Pexton 
et al. (1989).

The conception rate in 38 adult zebu 
bulls individually mated with groups of 24.0 
± 13.6 cows in the southern area of tropical 
Costa Rica showed significant differences 
according to the andrological status of the 
bulls tested (Navarro et al., 2008). Bulls ranked 
as sound for breeding achieved a higher preg-
nancy rate compared with unsound sires 
(82.5 ± 12.1% versus 28.4 ± 30.5%, respec-
tively, P < 0.05). Although no statistical differ-
ences were found for the conception rate 
between the sound and deferred (or question-
able) sire groups, the latter category tended to 
show a lower pregnancy rate (77.4 ± 27.2%). 
These data support the contention that, if 
B. indicus bulls are selected on the basis of 
attributes related to fertility, they can perform 
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as efficiently as any other sire group regard-
less of genotype under natural mating condi-
tions. This theory is supported by McCosker 
et al. (1989) who recorded low pregnancy 
rates (below 40%) in the Brahman herds 
studied in northern Australia. This was 
attributed to a high proportion of unsound 
sires detected after BSEs were performed; a 
situation compounded by the widespread 
use of aged bulls (>8 years old), many of 
whom were positive carriers of venereal dis-
eases (e.g. Tritrichomonas foetus). The routine 
use of mixed age groups of breeding bulls 
was also considered to be a factor that con-
tributed to the fertility problem observed. 
After BSE was applied to the Brahman bull 
stock as selection criteria, together with sani-
tary controls of the herd stock, subsequent 
pregnancy rates increased markedly (≥90%).

Bull Breeding Soundness 
Evaluation (BSE)

General background of 
the BSE in Bos indicus

Many decades of use and refinement have 
confirmed that the BSE is an essential tool in 
diagnosing and eliminating bulls of potential 
low fertility, thereby contributing to the 
reproductive efficiency of cattle herds. Much 
of this benefit has been obtained with B. taurus
cattle in temperate regions. However, it is 
evident that even greater benefits are possible 
if widespread use of the BSE is adopted 
within B. indicus beef herds managed under 
extensive conditions in the tropics. This is 
because beef cattle in the tropics are generally 
managed either as herds under extensive 
grazing conditions or as small groups attached 
to local communities. Both systems are usu-
ally distinguished by the absence of a pro-
scribed breeding period or season, as well 
as by a lack of adequate records for either 
productive or reproductive parameters. In 
addition, veterinary assistance is absent or 
infrequent, with the consequence that there is 
inadequate identification and elimination of 
those animals that have undesirable breed-
ing characteristics. Bulls are often managed 

in multiple sire systems under extensive 
conditions, rendering it impossible to iden-
tify males of questionable fertility by means 
of their individual performance records. 
Therefore, bulls with reproductive problems 
often go unnoticed and are retained in the 
breeding herd, thus causing considerable eco-
nomic losses. If such problem bulls are domi-
nant within multiple sire breeding groups, 
the adverse effects on fertility can be com-
pounded. Lack of a finite breeding period 
tends to obscure the extent of unsound breed-
ing bulls in the herd as well.

It is apparent that the importance of the 
bull’s role in ensuring herd reproductive 
efficiency, particularly in systems based on 
extensive management, has been neglected in 
the tropics (McCosker et al., 1989; Müller, 
1990; Chacón, 2000). A contributing factor is 
that most B. indicus bulls are selected as breed-
ing sires based solely on phenotypic charac-
teristics, which are not necessarily related to 
their reproductive performance under natu-
ral mating conditions (Chacón, 2000). This 
was apparent in a survey of beef farmers in 
tropical Costa Rica, who were asked which 
were the most important factors that they 
considered when purchasing a breeding bull 
(Fig. 13.1). In this study, most bulls were 
selected based on muscle composition, frame, 
breed-specific features, pedigree and other 
characteristics associated with ‘type’. In con-
trast, reproductive aspects of the bulls, such 
as testicle size (i.e. SC), which are critically 
important for bull fertility, were underesti-
mated in importance as selection criteria 
(Chacón, 2009).

When questioned on the utilization of the 
BSE in B. indicus herds, only 20% of beef farm-
ers considered this examination to be a pre-
requisite to purchasing a bull (Chacón, 2009). 
Moreover, 88% of farms had never practised a 
periodic BSE on their bulls. This confirms that 
the BSE is not a common routine procedure in 
extensive B. indicus operations, as corrobo-
rated by observations in Australia (Chenoweth 
and Osborne, 1975; McCosker et al., 1989). 
Furthermore, traditional ranchers, who are most 
often the breeders of pure B. indicus sires, are 
often more reluctant to accept a BSE on their 
bulls as a result of perceptions that range from 
potential economic disadvantage to irrational 
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myths (Chacón, 2000). Such perceptions must 
be countered with rational scientific informa-
tion if the bull BSE is to become accepted as an 
essential and routine management practice for 
beef producers in the tropics.

Unfortunately, veterinarians are often 
not aware of how important a complete bull 
BSE is under these conditions, and continue 
to base their evaluations solely on aspects of 
semen quality and, in particular, on the 
assessment of sperm mass activity of the col-
lected semen. In general, this practice does 
not include a complete clinical examination 
of the sire and, therefore, has led people to 
wrongly consider a bull BSE as just a ‘semen 
examination’ (Chacón, 2000). A similar pic-
ture emerges from other tropical regions 
(McCosker et al., 1989).

The tendency to undervalue the impor-
tance of the bull in herd reproductive per-
formance is reflected in the relatively minimal 
attention given to studies in the tropics of the 
breeding performance of B. indicus bulls and 
the factors that interfere with their efficiency. 
An indicator of this imbalance is the ratio of 
publications concerning reproductive aspects 
in the male (20%) compared with the female 
(80%), and the low emphasis given to study-
ing the reproductive aspects of B. indicus
(19%) compared with B. taurus males (38%) 
(Galina and Russell, 1987; Galina and Arthur, 
1991). Further, 42% of published research was 
associated with aspects of artificial insemi-
nation (AI) compared with 10% on natural 
mating (Galina and Russell, 1987).

Thus there is a strong case for pro-
moting much higher acceptance of bull BSEs 
in extensively managed beef cattle herds 
where B. indicus type cattle are predominant. 

Its performance should both provide rela-
tively accurate information and be economi-
cally feasible. The ensuing sections will 
describe the different components of a thor-
ough and practical andrological examination 
of B. indicus sires under field farm conditions.

General information and sire’s history

Although semen collection and evaluation 
are important aspects of the bull BSE, it should 
be emphasized that other aspects are of equal 
importance.

At the outset, date of evaluation, farm 
name, owner and location should be recorded, 
as well as an unambiguous identification of 
the bull being examined. One example of the 
latter is a clearly visible brand number on 
the upper lateral region of the femoral area. 
Ear or horn tattoos, and permanent ear tags 
(using either legible letters/numbers or elec-
tronic labelling), are also used. On some 
farms, additional information can include the 
bull’s birth date. This is a useful method of 
determining bull age, particularly as determi-
nation of the age of B. indicus bulls by estimat-
ing dentition can pose risks to operator safety 
because restraint facilities are often not opti-
mal and the temperament of this type of cattle 
is, in general, uneasy. Unfortunately, the pro-
vision of birth date is not common, and age 
information is provided by branded num-
bers, which represent either the year of birth 
or of consecutive calving. Some bulls lack any 
form of permanent ID and are just identified 
by name (e.g. 13.1% of bulls submitted for a 
BSE in tropical Costa Rica), which complicates 
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Fig. 13.1. Selection criteria (%) used by beef farmers (n = 1050) at the time of purchasing a Bos indicus
sire from a survey in tropical Costa Rica. From Chacón, 2009.
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the certification of the sire in case of selling, 
purchasing or future examinations. There is a 
need for regulation of this matter by local or 
regional zebu breeders (Chacón, 2009).

Accurate recording of age for B. indicus
bulls is important for several reasons. For 
example, age is positively and significantly 
correlated with SC and semen quality. 
Similarly, the breed of the bull should be 
recorded, as B. indicus genotypes differ in 
SC and body weight relationships, as dis-
cussed later in this chapter. There is also a 
higher prevalence of venereal diseases and 
of skeletal and testicular pathologies in aged 
(i.e. >7 years) bulls. Another consideration 
with retrained older bulls is the risk of 
inbreeding – a factor whose effects are prob-
ably underestimated in tropical beef cattle 
stocks as a result of inadequate record keep-
ing. Age of the bulls is further important in 
terms of relative ranking of the bull breeding 
team when results of the BSEs conducted on 
a particular farm are consolidated. Older 
bulls tend to have a shorter reproductive life 
expectancy – owing to a number of problems, 
as discussed above – so they should either be 
culled, or if particularly valuable, be used for 
monitored hand mating programmes.

The bull BSE should be based on a com-
pilation of the considerations described above, 
and also include a history of nutritional and 
reproductive management, previous illnesses, 
abrupt weight changes prior to examination 
and any available information on preceding 
reproductive performance of the sire. Problems 
such as lameness, or any systemic disease 
causing fever, may adversely affect mating 
ability and spermatogenesis. Any potential 
existing problems in the cattle population, 
such as low heat observation, low calving rate 
or further reproductive problems, such as 
abortions, should be investigated as well.

Reproductive management

The breeding system employed, i.e. single or 
multiple sire, bull to female ratio, continuous 
or seasonal breeding and physiological status 
of the females (e.g. primiparous, first calf or 
multiparous and post-partum interval) should 

be recorded. In multiple sire systems, if the 
male is subordinated by a dominant bull part-
ner, he is likely to have few chances to access 
the sexually active group of females. This 
system has the disadvantage of favouring 
social dominance, especially when age is not 
uniform in the group, which is often the case 
in the tropics (Blockey, 1979; Chenoweth, 
1981; McCosker et al., 1989; Rodríguez et al.,
1993; Chacón, 2000). Dominance is not neces-
sarily related to bull libido and fertility. In 
addition, dominant older sires tend to mono-
polize mating opportunities with females, or 
at least prevent less dominant animals from 
accessing females, even though they are more 
likely to have a higher prevalence of repro-
ductive problems (McCosker et al., 1989; 
Pérez et al., 1992).

McCosker et al. (1989) reported low con-
ception rates in herds located in tropical 
Australia in which multiple sire breeding 
systems used Brahman bulls of mixed ages 
and where up to 82% of the calving cows 
were impregnated by the dominant bull. 
Furthermore, Rodríguez et al. (1993) reported 
that the dominant zebu (Indu-Brazil) bull was 
responsible for most (63%) of the bull-related 
sexual activity in the breeding herd. If this 
is generally so, the general belief of most 
farmers in tropical areas of the effectiveness 
of using a bull/cow ratio of 1:25 is not well 
founded. In continuous mating systems, 
many of the cows in the herd could be either 
pregnant or non-oestrous, thus lowering the 
ratio even more. Consequently, using a multi-
ple sire breeding system in which the bulls 
are of mixed ages is often not efficient and can 
contribute to decreased reproductive outcomes.

The physiological status of the cows is 
also important, especially in relation to cyclic-
ity and fertility. Early or middle post-partum 
cows (<5 months) that are still feeding calves 
have higher probabilities of being non-oestrous, 
especially if they are not in good body condi-
tion. In heifers, genetic or nutritional factors 
may contribute to lowered cyclicity and preg-
nancy rates that should not be attributed to 
deficiencies in the bull(s).

Bulls that have been undergoing sexual 
rest may show semen/sperm characteristics 
that are typical of senility and sperm accu-
mulation within the extragonadal system. 
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These include increased sperm concentration, 
lowered sperm motility and vigour, and evi-
dence of sperm deterioration, such as detached 
sperm heads and damaged acrosomes. Con-
versely, bulls that have just been removed 
from the breeding herd in which they have 
been active may show semen characteristics 
that are typical of high rates of extragonadal 
sperm transport. These include, above all, 
relatively low sperm concentration. In either 
case, these findings are often temporary, 
emphasizing the importance of considering the 
reproductive history of the bull when draw-
ing conclusions from the spermiogram.

Libido and mating behaviour

The term libido describes the willingness and 
eagerness of a male to mount and to attempt 
service of a female, while mating ability descri-
bes the physical suitability of the male to 
complete a service (Blockey, 1979; Chenoweth, 
1981). Several methods have been developed 
to measure libido, mainly in B. taurus bulls, in 
which the sire’s sexual response is evaluated 
during exposure to a restrained non-oestrous 
or oestrous cow for a certain interval (5–10 min). 
In B. taurus bulls, the libido score is highly 
correlated (r = 0.98) with the proportion of 
heifers served during a breeding season and 
has proved to be highly repeatable in this 
species (r >0.6) in consecutive trials under 
corral conditions (Price, 1987). Libido is 
highly inherited in bulls (heritability, h2 = 
0.5–0.59) and has been shown to be signifi-
cantly correlated with sexual activity in the 
breeding pasture (Chenoweth, 1981; Hernández 
et al., 1991), although this does not necessarily 
translate into pregnancy rates. Blockey 
(1979) reported in Australia that at least 30% 
of bulls from several breeds with satisfac-
tory semen quality had poor libido. In fact, 
libido is not significantly correlated with 
other reproductive traits, such as SC or 
semen quality.

When standard libido and serving capac-
ity tests are applied to B. indicus bulls, they 
often achieve low scores in comparison with 
B. taurus bulls. This is considered to reflect 
differences in sexual behaviour between the 
species and not a genetic tendency for low 
libido in the former group. Given these particular 

differences, the application and interpreta-
tion of the results obtained after applying 
such tests to zebu sires are fairly difficult. For 
example, the sexual activity of B. indicus bulls 
seems to differ if tested under corral or grass 
conditions, and the repeatability of libido 
score results is less than that reported for 
B. taurus. Indu-Brazil bulls undergoing libido 
evaluations performed fewer services under 
corral conditions during a 30 min period 
than they did under grazing conditions 
(Hernández et al., 1991). Similar results were 
reported in Gir bulls, where almost 50% of the 
bulls that failed to show interest in females 
under corral conditions were quite active 
when exposed to them on pasture (Piccinali 
et al., 1992). Indu-Brazil bulls showed incon-
sistent sexual behaviour in the presence of 
oestrous-synchronized cows (Orihuela et al.,
1988), with a higher mounting frequency at 
night (18.00–24.00 h), as well as early in the 
morning (06.00–09.00 h). Similar results were 
reported by Rodríguez et al. (1993) with Gir 
bulls in Mexico.

As zebu bulls have a tendency to mount 
cows in mid oestrus only, their sexual res-
ponse could be limited if tested with restrained 
oestrous females under corral conditions 
(Chenoweth, 1981). When exposed to a group 
of cows synchronized for oestrus, B. indicus
bulls first established dominance over larger 
females and prevented passive ones from 
being mounted by other females (Galina et al.,
1987; Price, 1987; Hernández et al., 1991; 
Piccinali et al., 1992). This behaviour is seen 
under natural mating conditions as well, 
where courting activities, including butting 
and chin resting, can be evident for up to 48 h 
before the initiation of clinical signs of heat in 
the female (Aguilar Chavarria, 2008), which 
tend to persist for shorter period than in 
B. taurus females. B. indicus bulls have also 
been reported to be over attentive to individ-
ual females at the expense of servicing other 
eligible females. Finally, zebu bulls may be 
more prone to sexual inhibition when tested 
under corral conditions with observers at 
hand, even when tested with oestrous females 
(Galina et al., 1987).These factors may combine 
to explain the lower frequency of services 
reported for these bulls during libido testing 
(Chenoweth and Osborne, 1975; Blockey, 1979; 
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Hernández et al., 1991; Piccinali et al., 1992), 
although this did not necessarily result in 
lowered efficiency in detecting and servicing 
eligible synchronized females. In general, the 
evaluation of libido or sex drive is not part of 
the routine of zebu bulls, partly because of 
the difficulties in implementation and inter-
pretation, as discussed above. In addition, the 
extensive rearing and the fact that electroejac-
ulation (EE) is the method of choice for semen 
collection in B. indicus impede the direct eval-
uation of these important variables during 
the BSE.

However, despite this, practitioners 
should not overlook the consideration of bull 
libido and mating ability during application 
of the BSE under field conditions. Much rele-
vant information can be obtained from obser-
vations of bull conformation and locomotion, 
and from histories provided by bull owners 
and handlers. The physical and reproductive 
examinations conducted on the restrained 
bull will also reveal important clues as to his 
ability to physically perform his reproductive 
role. Unfortunately, data from the Andrology 
Section of UNA in Costa Rica shows that in 
46.64% (1223 out of 2622) of bulls extensively 
reared and submitted for BSE, cattlemen 
could not comment on the libido status of 
the bulls as they had never observed them 
performing service (Chacón, 2009). In spite of 
this observation, it is considered important 
to include questions on the sexual behaviour 
of bulls when conducting the BSE. These 
include whether or not the bull has shown 
interest in oestrous females and attempted 
service and, if the latter was observed, whether 
or not the service was successful.

While potentially informative, the answers 
to these questions often lead to more investi-
gations. If the bull has never been seen to 
attempt service despite having opportunities, 
further questioning would need to eliminate 
many of the aspects discussed above. If the 
situation is still unclear, the bull should be 
bred individually with a group of cycling 
cows so that libido and mating ability can be 
observed in a more objective way. If doubts
still persist, then the actual pregnancy rate of 
the herd can be determined by the practi-
tioner after allowing the bull to breed with 
cycling cows for a prudent period. In Costa 

Rica, many B. indicus bulls submitted for BSE 
and reported by farmers as low libido sires 
have ended up with herd pregnancy rates 
(diagnosed by per-rectal palpation) of 85% or 
higher after allowing the bull to mate 
individually.

General physical examination

If possible, bulls should be examined prior to 
restraint for general demeanour, locomotion 
and evident clinical signs of illness or patho-
logy. Animals that appear to be clearly sick, 
depressed or in an extremely low body condi-
tion should be separated immediately and 
classified as unsound for breeding, and rec-
ommended for re-inspection or culling 
according to practitioner criteria. Although 
some authors suggest the use of tranquilizer 
drugs to allow safe access to fractious zebu 
bulls for conduct of the BSE, this is not neces-
sary if undue stress (e.g. the use of electric 
cattle prods) is avoided and safe restraint pro-
cedures are followed. Once in the chute, the 
eyes should be observed, seeking for the pres-
ence of corneal opacities or any other damage 
that might compromise the sight capacity of 
the sire to identify oestrous females.

Evaluation of body condition

Scoring the body condition (or fat cover) of 
bulls is a subjective but useful assessment as 
it provides an easy, quick and cheap method 
correlated with changes in body weight. An 
additional consideration is that many beef 
cattle farms in tropical areas lack a scale to 
weigh the animals. Body condition score 
(BCS) provides an estimate of the fat cover on 
certain areas of the animal, especially the rib 
wall, lumbar sacral area, hip (the space bet-
ween iliac crest and the ischial tuberosity), tail 
head and ischium tibialis muscles. B. indicus
bulls should ideally have a BCS that provides 
them with a buffer when going into the breed-
ing pasture because they can be expected to 
lose some weight during the mating season.

Caution should be used in relying com-
pletely on BCS in small-framed bulls that 
have been underfed during development, 
as these bulls may show an acceptable BCS as 
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adults despite being underweight according 
to breed and age. A convenient method for 
scoring body condition in B. indicus bulls is 
the system that was used by the Inter-
national Livestock Centre for Africa (ILCA, 
now part of the CGIAR International Live-
stock Research Institute, ILRI) (Nicholson 
and Butterworth, 1986). This method uses a 
five-point scale with half-point increments. 
A general evaluation of the bull’s BCS may be 
conducted in the yard, but it is more accurate 
to do this with palpation once the animal is 
restrained within a chute.

Cyclical changes in the BCS of B. indicus
bulls are often caused by seasonal climatic 
changes and are mainly related to the quan-
tity and quality of pastures. In tropical Costa 
Rica, the lowest BCS found in different zebu 
breeds occurred at the end of either the dry or 
the rainy season (Quintero, 2000). In the latter 
case, excessive rainfall lowers both intake 
and digestibility of the pastures. In the adult 
bull, these seasonal variations are reflected in 
changes in SC and related variations in semen 
quality, in particular decreasing sperm pro-
duction. Such changes are usually recover-
able once normal nutritional conditions are 
re-established, but it is important to note 
that the recovery of body weight and BCS 
precedes increases in SC or semen quality 
(Chacón et al., 2002). However, as discussed 
earlier, an exception may occur with young 
animals in which Sertoli cell numbers may be 
permanently reduced as a result of nutritional 
deprivation during the peri-pubertal period.

It should also be remembered that, even 
though BCS is a good indicator of the energy 
reserves of the bull, it does not reflect his sta-
tus in relation to those micronutrients that are 
essential for effective reproductive function, 
such as vitamins (A, E) and minerals (sele-
nium, cobalt, zinc, etc.). Unfortunately, under 
extensive tropical management conditions, 
supplementation of B. indicus bulls with such 
essential micronutrients is the exception rather 
than the rule.

Feet and legs

The mating ability of the bull is very depend-
ent upon the soundness of his feet and legs, 
especially the rear limbs, which support 

about 70% of body weight during mounting. 
Despite this, the examination of limb confor-
mation in B. indicus sires is often overlooked 
when bulls are evaluated for breeding sound-
ness under tropical field conditions.

Zebu bulls should be evaluated for 
mobility and foot and leg soundness before 
being restrained, or the detection of some 
problems might be missed. It is advisable to 
observe the bull for lameness or other abnor-
mal locomotion while he is walking and turn-
ing. This visual inspection of the locomotor 
system should include front, lateral and rear 
views of the sire.

Once restrained, closer attention can be 
paid to conformational aspects of the muscles 
and limbs, particularly in the lower limb 
region. The bull’s inner and outer toe lengths 
should be similar in the normal conforma-
tion. Any difference, if found, indicates a dis-
similar wearing of hooves as a result of 
abnormal conformation. Essentially similar 
pathologies for foot and leg conformation are 
observed in B. indicus and B. taurus bulls 
(Chacón et al., 1999a) though some observers 
believe that, in general, B. indicus bulls are 
less prone to foot and leg problems. The exam-
iner should attempt to distinguish between 
genetic or acquired problems. Several genetic-
ally based problems of unsound foot and leg 
conformation that were observed during 
examination of extensively reared B. indicus
bulls in tropical Costa Rica are shown in 
Plates 33, 34 and 35. Clinical evidence of foot 
and leg problems was observed in around 1% 
of B. indicus sires reared extensively (Chacón 
et al., 1999a), but this relatively low value 
should not discourage the need for a system-
atic and careful examination of the locomotor 
system in this species.

As mentioned above, abnormal foot and 
leg conformation can seriously impair not 
only the physical ability to complete service, 
but also the ability of the bull to locate oes-
trous cows in the pasture, with these factors 
combining to reduce herd reproductive rates. 
Furthermore, chronic pain associated with 
foot and leg problems will decrease bull 
libido and service activity. McCosker et al.
(1989) reported that a Brahman bull 
affected by lameness may lose about 150 kg 
of body weight under extensive conditions. 
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Affected bulls generally lose body condition 
as well and can suffer degeneration of the 
seminiferous epithelia as well, so that semen 
quality is reduced.

Overfeeding, particularly high energy 
levels, is probably the most common causal 
factor of acquired lameness in B. indicus bulls. 
This often occurs in zebu bulls being pre-
pared for sales and show/fairs, and can lead 
to a number of problems, including excessive 
stress on joints, laminitis and osteoarthrosis 
(mainly in the hip, stifle, hock and carpal/
metacarpal joints). In general, the progno-
sis for recovery is poor once pathological 
signs are apparent, and such overfed bulls 
often achieve poor reproductive performance 
owing to lameness and poor mating ability, 
accelerated subsequent weight loss and tes-
ticular degeneration. This tendency to over-
feed young bulls by pure-bred breeders is 
widespread and is detrimental to the repro-
ductive performance of the bulls so raised. 
It should be actively discouraged by advisors 
and educators.

Examination of the reproductive organs

Prepuce and penis

The assessment of preputial health in zebu 
bulls is an important aspect of their BSE. 
Here, focus should be on sheath length, angle, 
diameter and integrity. The latter includes 
evidence of chronic eversion of the preputial 
membrane, and inspection of the orifice and 
cavity for signs of trauma, infection and 
obstruction. Some of these observations, such 
as preputial length, angle and diameter, can 
be made before the bull is restrained and 
while he is still relatively relaxed. Examination 
for possible constrictions or obstructions is 
best conducted once the bull has been safely 
restrained in the chute, preferably with 
immobilization of the rear leg on the side of 
the operator. In addition, relevant observa-
tions may be made during EE, particularly 
when penile protrusion occurs, although this 
does not occur as commonly in B. indicus as it 
does in B. taurus bulls.

The length and relative angle of the pre-
putial sheath can be assessed by relating its 

lower part (tip of the external preputial 
orifice) with a horizontal line drawn at the 
level of the hock joint (see Plates 36 and 37). 
Those sheaths that hang above this line are 
regarded as acceptable (i.e. have a normal 
preputial conformation, as in Plate 36), 
whereas those that hang below it are consid-
ered to be abnormal. An abnormally elon-
gated or pendulous prepuce (EP) is more 
likely to become irritated and traumatized, 
especially when preputial eversion is part of 
the syndrome, with posthitis being a common 
sequel. The defect is linked with a dysfunc-
tion or absence of the anterior preputial mus-
cle, which elevates the front-distal part of the 
sheath. Failure or inadequacy of this muscle 
allows the distal part of the sheath to be low-
ered, giving it a ‘V-shaped appearance’ (as in 
Plate 37), often accompanied by a chronically 
prolapsed preputial mucosa. Posthitis, in 
turn, often leads to fibrosis and constriction 
of the preputial epithelium, which can then 
result in phimosis and associated loss of mat-
ing ability and libido. As there are genetic 
considerations involved, corrective surgery 
is usually not recommended and affected 
males should be regarded as candidates for 
culling. Some degree of recovery may follow 
the use of measures such as the adminis-
tration of anti-inflammatory products, but 
relapse is frequent in the short term. It is often 
possible to identify susceptible bulls during 
the BSE before the first mating, but the prob-
lem becomes more evident as the bull ages. 
One consideration is that some zebu bulls 
may have an elongated prepuce in combina-
tion with a large cranial fold. Such bulls may 
or may not develop subsequent posthitis, as 
this can depend on their age and the type of 
pasture in the paddock. While it is difficult to 
predict whether problems will occur or not, it 
is advisable to note any predisposing features 
of the sheath at the time of evaluation.

In a survey of 2622 bulls extensively 
reared in tropical Costa Rica, B. indicus and 
B. indicus × B. taurus crosses had a higher 
prevalence of EP than B. taurus sires (11.6 and 
14.7% versus 3.3%, respectively) ( J. Chacón, 
unpublished). Within the B. indicus species 
(n = 1750), the overall prevalence of EP was 
higher in Gir strains and lowest in Nellore, with 
the relative percentages being Gir × Brahman 
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33.3%, Indu-Brazil × Brahman 23.0%, Gir 
16.7%, Indu-Brazil 16.0%, Brahman 13.9%, 
Guzerat 11.8%, Nellore × Brahman 3.2% and 
Nellore 1.8% ( J. Chacón, unpublished).

 Similar penile problems to those obser-
ved in B. taurus bulls do occur in B. indicus,
but less commonly. These include a persistent 
penile frenulum, which is often represented 
as a fibrous raphe connecting the ventral region 
of the distal penis to the preputial mucosa, 
which prevents the penis from extending nor-
mally. The length of this band-like fibrous tis-
sue varies from a short cord-like structure to a 
continuous band of tissue (Plate 38). This con-
dition seriously impairs bull mating ability 
by deviating the penis and impeding penetra-
tion during breeding. The defect was detected 
at a low level (<1%) in extensively managed 
B. indicus bulls (n ~3500) in Costa Rica. 
However, it is possible that this frequency 
does not reflect the actual occurrence of the 
defect, as many of these B. indicus bulls did not 
expose their penis during EE, making assess-
ment difficult. Even though surgical correction 
is often simple to perform, culling of affected 
bulls should be strongly considered as there is 
a strong genetic basis for this condition.

Penile deviations, such as the corkscrew 
penis, are best diagnosed when observing 
attempts at natural service, when special 
attention should be given to penile protru-
sion, erection, penetration and thrust. Here it 
is important not to make a definitive diagno-
sis on the basis of observations during EE 
only, because this method may artificially 
induce a transient corkscrew deviation in 
some bulls, so leading to misdiagnosis. In 
addition, relevant information concerning 
penile problems and associated mating dys-
function can be obtained from the owners 
and handlers of the bulls.

Inspection of scrotal contents

The clinical assessment of the scrotum and its 
contents represents an important part of the 
BSE, with this being particularly relevant for 
B. indicus sires that have been raised and mana-
ged under harsh conditions. Safe evaluation 
of the scrotum and contents must take into 
account the temperament of many B. indicus
bulls. Restraint must ensure close contact 

between the bull’s rear legs and thighs, with 
the defences placed behind the bull (Plate 40). 
Systematic evaluation includes visual assess-
ment of the relative scrotal length, aspect and 
symmetry, as well as palpation of the sperm-
atic cord. Testicular consistency (tone or resili-
ence) is usually determined by palpation 
before measuring SC (Plate 39). This evalua-
tion should include a careful palpation of 
epididymal structures, including the caput, 
body and cauda.

From the rear of a safely restrained bull, 
the testicles should be pulled down within 
the scrotum until skin folds are no longer 
observed in the scrotal sac. Testicular shape 
and symmetry can then be assessed visually. 
An oval shape was the most common tes-
ticular form (79.7%) in 1750 B. indicus bulls 
inspected during BSE in tropical Costa Rica 
( J. Chacón, unpublished results). Although 
the effect of different testicular shapes (such as 
oval, round or elongated) on sperm produc-
tion may be hypothesized, it should be 
emphasized that SC is the most important tes-
ticular measurement. Thus round testicles have 
been considered as being possibly undesirable 
because they might have a reduced volume of 
seminiferous epithelium compared with more 
conventionally shaped testicles with the same 
SC. This issue has been studied in Holstein 
(B. taurus) bulls (Bailey et al., 1996), but it has 
yet to be studied in zebu sires.

In a survey of 1750 B. indicus bulls in 
Costa Rica, the testicles were almost always 
(95.2%) relatively symmetrical ( J. Chacón, 
unpublished results), and any significant 
deviation from symmetry should be carefully 
evaluated before a prognosis is given. Non-
symmetrical testicles might be the result of 
either testicular hypoplasia and/or atrophy. 
Testicular hypoplasia and degeneration are 
not easy to differentiate from each other, 
especially if chronic atrophy has occurred. 
Therefore, particular care should be taken 
in the diagnosis of testicular hypoplasia. This 
may be suspected if the problem is unilateral 
(Plate 41), if there are similar problems in 
related males, and if there is a lack of devel-
opment of the attendant scrotum and epididy-
mal structures. However, definitive diagnosis
is reliant upon testicular histopathology. 
If the diagnosis is confirmed, then affected 
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bulls should be removed from the breeding 
pool owing to the genetic nature of this 
problem.

Other pathologies that can be diag-
nosed during the examination of the scrotal 
contents include substandard SC, orchitis, 
epididymitis, hydrocele, and adhesions 
between the tunica vaginalis parietalis and 
the testicular capsule (Chacón, 2000). Test-
icular consistency (see above and Plate 39) 
can be ranked by palpation in B. indicus sires 
as soft, normal or hard. It should be deter-
mined by pulling and holding down the tes-
ticles while the practitioner simultaneously 
applies surface pressure on both gonads 
with his thumbs. Testicular consistency can 
be a good indicator of disrupted testicular 
function if assessed by an experienced oper-
ator. Testicles in extensively managed bulls, 
which are assessed as soft on palpation, are 
often associated with decreased semen qual-
ity, including higher levels of sperm head 
abnormalities (20.0 versus 13.0%, P < 0.001) 
(Chacón et al., 1999a) as well as more retained 
proximal droplets (30.7 versus 10.3%, P < 0.05) 
(Chacón, 2001) compared with bulls whose 
testicles were regarded as being of normal 
consistency. Brahman bulls with a slight-
to-moderate reduction in testicular consist-
ency also showed more degenerative changes 
in the seminiferous epithelium than did con-
trol animals. These changes were character-
ized by the presence of cellular debris in 
Sertoli cells as a consequence of increased 
phagocytic activity (which leads to the pres-
ence of hollow areas in the seminiferous 
epithelium), as well as by abnormalities in 
sperm chromatin condensation (Chacón 
et al., 1999b).

Those abnormalities of the testicular 
tunics encountered were mainly limited to 
acquired conditions, such as adhesions 
between the different layers secondary to 
orchitis and hydrocele.

Length of the scrotum

The length of the scrotum deserves to be dis-
cussed separately because relationships have 
been observed between scrotal length, the 
prevalence of sperm abnormalities and BSE 
classification (Chacón et al., 1999a, 2000, 2010; 

Chacón, 2001). In these studies, which were 
carried out in tropical Costa Rica, scrotal 
length (SL) in breeding bulls of a number of 
breeds (including B. indicus) was classified in 
terms of the relative relationship between the 
bottom of the scrotum and the hock joint. The 
classification categories were: (i) short, a vir-
tually neckless scrotum with the testicles 
being held close to the abdominal wall; 
(ii) normal, a scrotum with a distinguishable 
neck and with its bottom above or at the level 
of the hock joint; and (iii) long, the scrotum 
bottom below the hock joint (Plate 42). The 
assessment of SL should be performed before 
semen collection.

Regardless of breed, B. indicus sires (n = 598) 
with a long scrotum had more sperm nucleus 
abnormalities than did bulls with a normal 
scrotum length (19 versus 14%, respectively, 
P < 0.01) (Chacón et al., 1999a); similar results 
were found in a second survey of bulls (n = 302) 
from different zebu breeds (32.7 versus 
12.8%, respectively, P < 0.05) (Chacón, 2001). 
Consequently, zebu bulls with a long scrotum 
were more frequently classified as unsound 
for breeding compared with sires with a 
normal SL.

In a recent report based on a large popu-
lation of breeding bulls extensively reared 
under tropical conditions (n = 4231), the over-
all prevalence of short, normal or long scro-
tum was 4.2, 84.6 and 11.2%, respectively 
(Chacón et al., 2010). The frequency of sires 
with a long scrotum was higher (P < 0.0001) 
in B. taurus (14.6%; n = 117/802) than in 
B. indicus (10.8%; n = 312/2888) and cross-
breeds (8.2%; n = 44/541). In particular B. indicus
breeds, the relative prevalence of bulls with 
a long scrotum was: Indu-Brazil, 23.4%; Gir, 
13.7%; Indu-Brazil × Brahman, 13.4%; Brahman, 
7.8%; Nellore × Brahman, 2.2%; and Nellore, 
2.0%. It is interesting to note that, even though 
the overall prevalence of bulls with a long 
scrotum is higher in B. taurus bulls, the high-
est frequency was in B, indicus sires of the 
Indu-Brazil genotype.

Regardless of the species, the occurrence 
of unsound bulls was significantly higher in 
sires with a long scrotum than it was in bulls 
of normal SL (72.4 versus 34.1%, P < 0.0001); 
the same pattern was seen for the frequency of 
testicular pathologies (i.e. orchitis, hydrocele, 
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sperm granuloma and testicular atrophy) 
diagnosed during examination of the scrotal 
contents (7.2 versus 1.1%, respectively). Dif-
ferences in semen quality were also found in 
relation to SL regardless of the species stud-
ied. Sperm motility was lower in bulls with a 
long scrotum than in those with a normal 
length scrotum (53.8 versus 63.8%, P < 0.0001). 
Moreover, bulls with a long scrotum had 
higher levels of abnormal acrosomes, nucleus 
and head defects, as well as proximal drop-
lets compared with bulls with a normal 
length scrotum (29.2 versus 17.4%, P < 0.0001) 
(Chacón et al., 2010).

These results suggest that spermatogen-
esis can be more adversely affected in bulls 
with a long scrotum than in those with a nor-
mal SL, although the mechanisms causing 
this difference are yet to be determined. 
A strong possibility is that this anatomical 
anomaly contributes to reduced thermoregu-
latory efficiency of the affected testicles. 
Riemerschmid and Quinlan (1941) and Waites 
(1970) have observed that a long, pendulous 
bull scrotum may adversely affect the requi-
site temperature gradient between the ingui-
nal region and the bottom of the scrotal sac. 
As this gradient directly influences testicular 
thermoregulation mechanisms (in particular 
via the pampiniform plexus), it can be hypo-
thesized that the presence of a long scrotum 
might, in some way, affect the normal process 
of heat exchange. However, it is also possible 
that more pendulous scrota may predispose 
the bull testicle to physical attrition, leading 
to traumatic damage to the seminiferous epi-
thelium. Obviously, the pathogenesis of this 
relationship deserves to be fully studied in 
the future.

Scrotal circumference (SC)

As in B. taurus genotypes, SC is an indirect 
but reliable indicator of Sertoli cell number, 
testicular weight, volume of testicular 
parenchyma and semen quality in B. indicus
bulls (Kumi-Diaka et al., 1983). In addition, 
SC is negatively correlated with age at puberty 
of the offspring, and positively correlated 
with in vivo fertility of the sire (McCosker 
et al., 1989; Morris et al., 1989; Rekwot 
et al., 1994).

Despite the evident benefits for individ-
ual and herd fertility of selecting bulls on the 
basis of SC, this has not resulted in its wide-
spread acceptance as a tool for the selection of 
B. indicus sires in tropical areas (Chacón, 
2000). For example, in Costa Rica, when farm-
ers were asked to nominate their four main 
criteria when purchasing zebu sires, a small 
minority (6%) considered testicle size to be of 
importance (Chacón, 2009). Instead, it was 
evident that B. indicus sires were selected 
based mainly on phenotypic characteristics, 
which explains why low SC in zebu sires is, 
subsequent to seminal problems, the second 
most important cause of bulls being classified 
as unsound for breeding purposes (Braden, 
1992; Chenoweth et al., 1996; Chacón et al.,
1999a). This indicates the importance of stren-
uous extension and educational programmes 
to convince producers of the importance of 
good SC in their sires.

As SC represents such an important BSE 
component, it is relevant to discuss the proper 
methodology for its accurate assessment. 
The measurement of SC is usually the final 
step during the examination of the scrotal 
contents, and is one of the aspects in which 
most practitioners fail at the time of evaluat-
ing the bull’s breeding soundness under field 
conditions in tropical regions (Chacón, 2009). 
In order to perform a reliable assessment of 
SC in zebu sires, the bull should be firmly and 
safely restrained, as stated above. Both testi-
cles should be fully pulled down within the 
scrotal sac, taking care to not insert the fin-
gers between them and thus erroneously 
increase the SC measurement obtained. At this 
point, the scrotal skin should be totally 
smooth with no skin folds. In the meantime, 
and with the opposite hand, the scrotal metal 
tape is placed at the widest point of the scro-
tum (equator) and the tape pressed until 
resistance is encountered. This is the moment 
at which SC should be read (see Plate 40).

Age and body weight are positively cor-
related with SC in B. indicus bulls (Morris 
et al., 1989), at least until full sexual maturity 
is attained. Brahman adult sires raised under 
tropical conditions in Australia showed a cor-
relation of SC with age and weight of 0.61 
and 0.72, respectively (McCosker et al., 1989), 
whereas Trocóniz et al. (1991) reported values 
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(unadjusted) of up to 0.82 and 0.81, respec-
tively, for Nellore bulls in Venezuela. These 
estimates are similar to those for beef and 
dairy B. taurus bulls in non-tropical areas 
(Coulter and Foote, 1979).

Breed variations lead to the high vari-
ance seen in SC between bulls of the same age 
and raised under similar conditions. These 
breed differences occur when comparing 
B. indicus with B. taurus bulls, but also within 
B. indicus genotypes (Chacón et al., 2000), and 
confirm the need for using SC standards that 
are adjusted for both breed and age. In Costa 
Rica, comparison of 18–26 month old B. indicus
and B. taurus bulls showed generally higher 
SC values in the latter group when compared 
with Gir, Brahman and Nellore bulls (Chacón 
et al., 2000), though this difference was not 
apparent in older bulls. These findings con-
firm that a slower SC growth pattern tends to 
occur in young zebu breeds than in B. taurus
bulls. In Florida, Brahman sires showed lower 
SC values than Angus and Hereford bulls at 
young ages (Chenoweth et al., 1996). In the 
humid tropics of Mexico, Dios Vallejo et al.
(1991) reported lower SCs for Nellore bulls at 
any age compared with Indu-Brazil, Brahman 

and Gir sires; similarly, Glauber et al. (1990) 
and Trocóniz et al. (1991) found a lower SC for 
Nellore than for Brahman and Guzerat bulls 
in Argentina and Venezuela, respectively.

The use of age-related thresholds for SC, 
which have been developed in semi-tropical 
or temperate areas with well-fed B. taurus or 
even B. indicus breeds, may result in a dispar-
ate proportion of zebu bulls raised in tropical 
environments failing to pass the BSE owing to 
unsatisfactory testicular size. Consequently, 
there is a need to establish values for SC 
adjusted for breed and age in grass-fed 
B. indicus bulls raised under tropical condi-
tions, so as to enable more confident use of 
this trait in selection programmes for breed-
ing bulls. As an example, Table 13.1 shows 
data for SC from grass-fed B. indicus bulls in 
tropical Costa Rica (Chacón et al., 2000). 
Notice the higher SC in Indu-Brazil bulls at 
any age compared with Nellore, Brahman 
and Gir sires.

Assessment of internal organs

Transrectal palpation of the internal repro-
ductive organs is performed before semen 

Table 13.1. Mean (LSM ± SEM) scrotal circumference (SC, cm) in grass-fed Bos indicus bulls extensively 
reared in tropical Costa Rica. Adapted from Chacón et al. (2000); data for Brahman × Nellore bulls aged 
6.1–7.0, 7.1–8.0 and >8.1 years and Brahman × Indu-Brazil bulls aged 7.1–8.0 years from author 
(unpublished).

Age (years) Brahman Nellore Indu-Brazil Gyr
Brahman-

Nellore
Brahman-
Indu-Brazil

1.5–2.0 32.2 ± 0.4 31.0 ± 0.6 34.2 ± 0.6 31.6 ± 1.0 30.5 ± 1.1 34.5 ± 1.0
(n = 71) (n = 26) (n = 37) (n = 10) (n = 8) (n = 11)

2.1–3.0 34.4 ± 0.3 33.2 ± 0.5 36.1 ± 0.4 34.3 ± 1.0 33.2 ± 0.6 35.5 ± 0.5
(n = 185) (n = 39) (n = 101) (n = 48) (n = 28) (n = 50)

3.1–4.0 37 ± 0.3 35.5 ± 0.6 37.9 ± 0.3 35.4 ± 0.6 33.9 ± 0.7 37.1 ± 0.5
(n = 161) (n = 25) (n = 134) (n = 30) (n = 22) (n = 48)

4.1–5.0 37.1 ± 0.3 36.8 ± 0.6 39.1 ± 0.4 38.2 ± 0.6 35.6 ± 0.7 37.6 ± 0.6
(n = 135) (n = 27) (n = 85) (n = 29) (n = 19) (n = 28)

5.1–6.0 38.0 ± 0.4 37.7 ± 0.7 39.6 ± 0.5 39.6 ± 0.7 35.9 ± 1.2 39.5 ± 0.5
(n = 106) (n = 21) (n = 51) (n = 22) (n = 7) (n = 20)

6.1–7.0 38.0 ± 0.4 39.5 ± 1.0 40.1 ± 0.6 39.7 ± 1.0 39.1 ± 2.6 39.9 ± 1.0
(n = 86) (n = 9) (n = 30) (n = 8) (n = 7) (n = 9)

7.1–8.0 38.5 ± 0.5 NA 40.7 ± 0.7 40.2 ± 1.0 41.2 ± 1.2 40.5 ± 3.2
(n = 51) (n = 22) (n = 7) (n = 5) (n = 4)

>8.1 37.8 ± 0.4 NA 41.8 ± 0.7 41.2 ± 1.1 40.2 ± 3.6 NA
(n = 71) (n = 21) (n = 12) (n = 5)

NA, no data available.
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collection. It aims to determine the soundness 
of the internal accessory sexual genitalia and, 
at the same time, helps to remove excess fae-
cal material and to pre-stimulate the bull 
before EE. Again, safe restraint of the bull is 
essential (Plate 43). The operator introduces a 
lubricated gloved arm gently into the rectum 
as far as the wrist to locate the pelvic urethra 
on the floor of the pelvis. This urethral mus-
culature surrounds the pelvic penis at this 
point and responds to hand stimulation with 
pulsatile contractions. At this stage, the oper-
ator should also evacuate as many faeces as 
possible from the rectum. The body of the 
prostate is then located at the anterior end of 
the urethralis muscle. The prevalence of abnor-
malities diagnosed during the clinical exami-
nation at this level is minimal in zebu sires 
(Campero et al., 1988; Chacón et al., 1999a).

The most common abnormality (<1% 
occurrence) encountered during transrectal 
examination of internal reproductive organs 
in B. indicus bulls is usually accessory genital 
disease, which is most evident as bulboure-
thral adenitis or seminal vesiculitis (Campero 
et al., 1988; Chacón et al., 1999a). Normal 
vesicular glands are usually lobulated, pain-
less when touched, approximately symmetri-
cal (≤20% variation is common) and anteriorly 
mobile. Changes in the volume of these 
glands can be associated with age/puberty 
and variations in BCS in extensively reared 
B. indicus sires (Chacón et al., 2002). In gen-
eral, zebu bulls are not overly discomforted 
by the act of transrectal palpation.

Semen collection and handling

Semen collection in B. indicus bulls can be 
performed by the use of an artificial vagina 
(AV), massage of the internal accessory geni-
talia or EE. The AV is commonly employed in 
B. taurus sires used for regular semen collec-
tion and enables evaluation of libido while 
semen collection is in progress (Ball et al.,
1983). In contrast, the use of this method in 
B. indicus bulls is mainly restricted to those 
sires kept at AI centres, as they need to be 
well trained to mount a restrained cow or a 
teaser. Despite intensive efforts at training, 
many zebu bulls never succeed in servicing 

an AV because most are usually reluctant to 
mount restrained surrogates, whether in oes-
trus or not (Chenoweth, 1981; Price, 1987; 
Piccinali et al., 1992). Moreover, the nervous 
disposition of B. indicus bulls may inhibit 
their sexual response in the presence of the 
operator. Because of the nature of their sexual 
response, as well as their volatile tempera-
ment, which often makes close handling 
unpredictable, the use of an AV for semen col-
lection is difficult, if not impossible, in B. indicus
bulls under field conditions. Consequently, 
EE is the method of choice for collecting 
semen samples from zebu bulls under field 
conditions in the tropics (Chacón, 2000).

Application of electroejaculation in 
Bos indicus bulls

Adequate restraint is an important prerequi-
site for EE in zebu bulls, as is prior stimula-
tion by transrectal palpation, as discussed 
above.

There are several aspects to the correct 
restraint of the male during EE. The zebu bull 
must first be confined such that it has some 
free lateral space (approximately 10–15 cm on 
each side) although it is incapable of horizon-
tal movement. The latter requirement can be 
achieved by placing closely apposed buffers: 
the lower at the hock joint level and the upper 
at the level of the thigh. Many operators are 
reluctant to restrain the head or neck of zebu 
bulls during EE, as it often causes the bull to 
immediately lie down once stimulation is ini-
tiated, or even earlier. Similar responses are 
often obtained when squeeze head crushes 
are employed. If it is necessary to restrain the 
head, a preferred method is to secure it via 
the horns, if present. The floor surface plays 
an important role in bull stability during EE, 
which tends to induce involuntary extension 
of the rear limbs. A slippery or insecure sur-
face, such as occurs in a number of commer-
cially available restraint systems, will not 
assist the bull to achieve a secure position 
during EE, with the consequence that he 
may attempt to lie down or, at least, provide 
an inadequate ejaculate. Accordingly, rough
floor surfaces and back stops for hind 
limb extension are recommended for EE in 
B. indicus bulls.
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At least several minutes should be 
devoted to the pre-EE stimulatory transrectal 
palpation (Chacón, 2000). Here, a careful and 
gentle manipulation of the vasa deferentia, 
ampullae, prostate and vesicular glands can 
markedly improve the success of EE when 
using minimal electrical stimulus in zebu 
sires (Chacón, 2000).

The EE method is dependent upon elec-
trical stimulation of those autonomic nerves 
responsible for emission and ejaculation with 
the aid of a longitudinal three ventral elec-
trode probe connected to an electroejaculator 
powered by either a mains or portable electric 
source. The relevant nervous fibres derive 
from the mesenteric and pelvic plexus as well 
as the lumbar (hypogastric) and sacral (inter-
nal pudendal) nerves. These nerves control 
the contractions of the excurrent ducts and 
the vesicular glands, and the emission pro-
cess into the urethra, leading to ejaculation in 
the bull (Ball et al., 1983). Even though EE also 
promotes relaxation of the retractor penis 
muscle, it is possible for ejaculation to occur 
into the prepuce without penile protrusion or 
erection. Data on EE responses in extensively 
reared genotypes (B. taurus, n = 439; cross-
bred, n = 425; B. indicus, n = 1696) in Central 
America showed that intra-preputial ejacula-
tion occurred in 28.5, 37.9 and 46.1% of cases, 
respectively ( J. Chacón, unpublished results).

In general, B. indicus bulls should have 
little problem in performing satisfactorily 
when subject to EE as long as they are well 
restrained, relatively unstressed, submitted 
to competent pre-collection transrectal palpa-
tion and stimulated gradually and rhythmi-
cally by a skilled operator. The pattern of 
stimulation should be tailored to each bull, as 
the response to EE is variable among zebu 
bulls. Electrical stimuli should always be 
carefully and gradually applied while moni-
toring the response of the bull. In general, 
manually operated EE machines are, there-
fore, preferable to automatic machines when 
working with zebu bulls.

Semen can be successfully collected from 
most bulls by EE. According to different 
authors (Carroll et al., 1963; Chenoweth and 
Osborne, 1978; Chenoweth et al., 1996), failure 
rates vary widely (0.6 to 15%). In those cases, 
an important distinction must be made as to 

whether or not the difficulty in semen collec-
tion was due to poor technique or to some 
pathological condition in the bull. The former 
consideration can predominate with very 
temperamental zebu sires or when bulls are 
overly stressed before EE, as when electric cat-
tle prods or dogs are used to handle the ani-
mals. Moreover, some operators tend to curtail 
stimulation as soon as a colour change is 
noted in the ejaculate, on the assumption that 
a representative ejaculate has been obtained. 
This represents poor technique. Stimulation 
should continue until the operator is confi-
dent that the entire sperm-rich fraction has 
been obtained, otherwise there will be misin-
terpretations of the sample obtained. If collec-
tion is unsuccessful, another attempt may be 
made after a short resting period (e.g. 10–15 min). 
If sperm are still not obtained on the second 
attempt, consideration should be given to 
more extensive investigations of the reasons 
for failure, with culling being the final resort.

EE tends to provide higher ejaculate vol-
umes than does use of the AV, owing to the 
direct stimulation of those accessory genital 
organs that produce the non-sperm fractions 
of the ejaculate. This contributes to a lowered 
sperm concentration, but total sperm per ejac-
ulate, sperm motility and fertility are not 
affected (Ball et al., 1983; León et al., 1991). It is 
also noteworthy that EE can induce cork-
screw deviation of the penis (Carroll et al.,
1963), although this condition should actually 
be diagnosed under natural mating condi-
tions only.

Spermiogram evaluation

Interpretation of the spermiogram poses par-
ticular challenges in the tropical areas where 
most B. indicus bulls are raised, and necessi-
tates careful attention to aspects of bull history, 
environment, clinical findings, management 
and field work conditions. In addition, caution 
must be exercised when assessing semen col-
lected by EE, as discussed above.

Sperm output

The determination of sperm output cannot be 
realistically achieved on the basis of a single 
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ejaculate that has been collected in relative 
isolation under field conditions, when multi-
plying semen volume (ml) by sperm concen-
tration (million/ml) will provide a figure that 
is, unfortunately, susceptible to great variabil-
ity. Sperm numbers per ejaculate are related 
to the frequency of ejaculation of the bull in 
the period preceding the examination (Foster 
et al., 1970; Everett et al., 1978), a factor that 
cannot be controlled in the field. The first 
ejaculate obtained after a period of sexual 
inactivity can show abnormally high sperm 
concentration, whereas that obtained from a 
bull just removed from active service activity 
in the field may show relatively low sperm 
numbers. According to data obtained in trop-
ical Costa Rica from extensively managed 
B, indicus sires of 2 years of age or older, in 
good condition and classified as sound for 
breeding, the average number of spermato-
zoa per ejaculate obtained from a competent 
EE was approximately 5 billion; this was dou-
ble the estimate obtained from bulls ranked 
as unsound for breeding ( J. Chacón, unpub-
lished results).

Another consideration in interpreting 
the significance of the sperm count in B. indicus
sires is that, as stated above, their response 
to EE is highly variable, and this can affect 
sperm numbers, especially if a partial ejacu-
late is obtained as a result of mishandling or 
incorrect stimulation of the bull during EE.

Sperm motility

While sperm motility is a prerequisite for fer-
tilization to occur, caution should be taken 
when assessing and interpreting this trait in 
bulls examined in the field, especially when 
these are zebu bulls in the tropics. This is 
because sperm motility is highly susceptible 
to handling and environmental influences, and 
its repeatability when assessed in natural breed-
ing bulls is low, regardless of the method of 
semen collection (Almquist and Cunningham, 
1966; Ball et al., 1983; Gipson et al., 1987; León 
et al., 1991). The use of EE may also lead to 
contamination of the sample with urine or 
other material, especially if intra-preputial 
ejaculation occurs during semen collection, 
with resulting adverse effects on sperm motility 
(Igboeli and Rakha, 1971a,b; Chacón, 2000). 

In addition, Aguilar Chavarria (2008) 
reported a significant correlation between 
motility and ejaculation frequency in zebu 
bulls reared in tropical areas, which means 
that this estimation can be affected by sexual 
activity in the period prior to semen 
collection.

These factors lead to high variability in 
sperm motility when assessed in B. indicus
breeds under farm conditions, so the reliabil-
ity of this parameter as a major indicator of 
semen quality is reduced. This leads to rela-
tively low thresholds being adopted for 
acceptable sperm motility in bulls being 
examined for breeding soundness (Barth, 
2001). Furthermore, the use of any such 
threshold poses problems, as sperm motility 
is regarded as a compensable trait (Saacke, 
2008), such that sufficient numbers of motile 
sperm in the ejaculate can compensate for 
those that are immotile and thereby ensure 
adequate fertility. If such concerns still persist 
at the time of examining a semen sample 
from a zebu bull that was low motility, the 
practitioner can perform a second or even 
third consecutive ejaculation within a rela-
tively short period (10–15 min) in order to 
verify the original finding.

It should be noted that these considera-
tions on the variability of sperm motility, and 
its relatively low acceptability threshold 
when assessed under field conditions, should 
not diminish the potential importance of this 
trait for semen fertility. More reliance is 
placed on this trait when it is assessed under 
controlled conditions (e.g. at a bull semen AI 
centre) where bulls are subject to regular col-
lection and environmental conditions are 
controlled.

Sperm morphology

Although relationships between sperm shape 
(i.e. morphology) and function (i.e. potential 
fertility of the sire) have been documented 
since the pioneering studies of Williams and 
Savage (1925), and later those of Lagerlöf (1934), 
the evaluation of sperm morphology in semen 
samples collected under field conditions from 
B. indicus bulls undergoing a BSE is often 
omitted in tropical areas (Chacón, 2009). The 
reasons for this omission can include a lack of 
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competence and confidence in performing 
the assessment, and the absence of appro-
priate equipment and facilities on farm. 
However, such omission means that the BSE 
is incomplete and more prone to error than if 
sperm morphology assessment had been 
included. So it is considered of high priority 
to incorporate sperm morphology as part of 
the routine evaluation, even if the available 
facilities must be improvised. Awareness and 
training programmes for practitioners are 
necessary to increase the level and quality of 
semen assessments, of which sperm mor-
phology is an important aspect.

In general, good microscope optics, 
whether bright-field or phase, are recom-
mended for sperm morphology assessment, 
and this consideration includes regular clean-
ing, maintenance and alignment. A magnifi-
cation of 1000× is recommended for this 
assessment, which generally requires an oil 
immersion objective. Most practitioners in 
the tropics use bright-field microscopy with a 
stained (e.g. eosin–nigrosin) semen smear to 
evaluate morphology at 400× magnification. 
The method of observation (i.e. phase con-
trast versus bright-field microscopy) and the 
use of stained semen smears or ‘wet’ mounts 
can influence the prevalence of observed 
morphological defects from the same semen 
sample and, thereby, the proper interpreta-
tion of the sample (Sprecher and Coe, 1996).

A recent survey was designed to com-
pare the levels of sperm abnormalities in 
semen smears from B. indicus bulls (n = 198) 
stained with eosin–nigrosin and examined 
under bright-field microscopy versus sam-
ples fixed in buffered formol saline (BFS) and 
examined under phase contrast microscopy 
(both at 1000× magnification). This showed 
that the prevalence (%) of damaged and mal-
formed acrosomes, abnormal sperm nuclei 
(diadem, simple pouches, crater) and distal 
cytoplasmic droplets was significantly higher 
(P < 0.001) in samples fixed in BFS and obser-
ved under phase contrast microscopy than 
in smears stained with eosin–nigrosin and 
examined under bright-field microscopy 
( J. Chacón, unpublished).

In another study, sperm morphology 
was examined in 302 semen samples from 
grass-fed B. indicus breeding bulls using 

either wet smears fixed with BFS or dried 
smears stained with carbol-fuchsin. Abnor-
malities of the sperm head (especially narrow 
at the base, and undeveloped) were more 
commonly detected in semen smears stained 
with carbol-fuchsin and examined with 
bright-field microscopy than in wet smears 
examined under phase contrast microscopy 
(12.0% ± 1.1 and 11.7% ± 1.3 versus 3.2% ± 1.1 
and 5.3% ± 1.3, respectively; P < 0.001). This 
resulted in a further 12% of bulls being cate-
gorized as unsound for breeding (Chacón, 
2001). Because the assessment of sperm mor-
phology is almost always conducted on farm 
under tropical conditions, it is important that 
the method used to determine the different 
abnormalities allows reliable evaluation of 
these traits. The higher percentage of sperm 
head defects (size and shape) diagnosed 
when using dry smears stained with carbol-
fuchsin compared with BFS-fixed wet smears 
emphasizes the importance of using both 
methods when assessing sperm morphology. 
This can raise logistical problems, as breeders 
and producers often request an immediate 
report on bulls being examined on farm, and 
good laboratory facilities are often some dis-
tance away. One practical approach to this 
problem would be to conduct a preliminary 
evaluation of sperm morphology on farm 
using the preferred method, and later per-
form a follow-up assessment at the labora-
tory of any samples that are considered to 
warrant closer study for confirmation of a 
diagnosis.

The assessment of the sperm morpho-
logy of B. indicus bulls in the field, when con-
ducted in conjunction with the other semen 
and physical evaluations, should allow a 
prognosis to be made of the breeding poten-
tial of the bull. This prognosis can be influ-
enced by the types and the frequencies of the 
different sperm abnormalities encountered. 
Differentiation should be attempted between 
those sperm abnormalities that are consid-
ered to be of genetic origin (Chenoweth, 
2005), and those that are due to factors such 
as testicular/epididymal dysfunction, sperm-
iostasis associated with sexual rest or 
post-ejaculatory environmental effects. One 
approach is to summarize the abnormalities 
considered as compensable separately from 
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uncompensable defects (Saacke, 2008), as 
well as counting specific defects separately 
from acquired defects. This practice allows 
assumptions to be made about the impact of 
the defects on a sire’s fertility and the aetiol-
ogy of different abnormalities, thus facilitat-
ing temporal monitoring of particular defects. 
In most cases, it is difficult to set a cut-off 
point for the maximum percentage of sperm 
abnormalities allowed, because the impact on 
a bull’s fertility is different according to the 
type of defects found.

The type of sperm abnormalities found 
in semen samples from Bos indicus bulls 
extensively managed in tropical areas resem-
bles those reported for Bos taurus bulls in 
more temperate areas. For a detailed descrip-
tion of the types and prevalence of different 
morphological abnormalities in semen sam-
ples from extensively managed Bos indicus
bulls and their relationships with BBSE clas-
sification and relevant clinical findings, read-
ers are referred to Chacón, 2001.

Complementary Techniques

Ultrasonography of the scrotal contents, 
infrared scrotal thermography and the use 
of differential interference contrast (DIC) 
microscopy for the evaluation of sperm 
morphology are techniques that can add 
precision to bull BSE findings. Some of these 
techniques, such as ultrasonography, have 
not been widely evaluated in B. indicus
bulls. Ultrasound has proven to be useful in 
detecting testicular and epididymal anom-
alies and also, when used transrectally, 
for examining anomalies of the accessory 
genital organs. For this, portable ultrasound 
machines can be used with multiple fre-
quency probes (5.0–7.5 MHz), some of 
which may be used either internally or 
externally. With the latter approach to scrotal/
testicular investigations, an adequate amount 
of coupling gel should be applied directly 
on the probe, which is first gently placed on 
the posterior surface of the scrotum. Good 
restraint, as discussed previously, is essen-
tial. Knowledge of the normal echographic 
picture of the testicular parenchyma and of 

other structures is very important in helping 
to interpret the findings and establish a 
diagnosis. Unfortunately, such information 
is scarce for B. indicus and, in most cases, 
it has been extrapolated from B. taurus
bulls, although a recent publication (Chacón 
et al., 2012a) provides relevant reference 
information for the ultrasound assessment 
of the scrotal contents of extensively reared 
Brahman sires.

In another study, based on a larger popu-
lation of B. indicus (n = 178) and B. taurus (n = 48) 
bulls, the overall prevalence of bulls with 
hyperechoic foci within the testicular par-
enchyma was lower (P < 0.01) in left and 
right testicles in B. indicus than in B. taurus
(44.9 and 42.8 versus 64.5 and 60.4%, respec-
tively). Likewise, relatively older bulls (>4 and 
≤7 years of age) had more lesions than younger 
sires in both genotypes (64.9 and 59.7 versus 
32.5 and 32.5% for left and right testicles, 
respectively, P < 0.0001) (Chacón et al., 2012b). 
The most common finding obtained during 
the ultrasound scrotal/testicular assessment 
of extensively reared B. indicus bulls was the 
presence of hyperechoic foci within the tes-
ticular parenchyma (Chacón et al., 2012b). 
However, there was a lack of association 
between bull BSE classification and the gen-
eral echographic appearance of the scrotal 
contents. Despite this, echographic assess-
ment of the scrotal contents of extensively 
reared zebu bulls has the advantage of being 
able to reinforce other findings. For example, 
an oligozoospermic ejaculate from a B. indicus
bull, which was then diagnosed as having a 
significant area of testicular parenchyma 
affected by diffuse hyperechoic foci, could be 
diagnosed immediately as unsound and rec-
ommended for culling, instead of requiring 
re-examination. It should be emphasized here 
that ultrasound assessment of the scrotal con-
tents should not substitute for any of the 
steps of the routine BSE, but should be con-
sidered as an aid to improve the precision of 
ranking of the andrological status of bulls. 
While the numbers are low, the relatively 
lower occurrence of echographic lesions found 
in the B. indicus bulls than in their B. taurus
counterparts may be related to their greater 
ability to withstand tropical environmental 
stressors, such as heat stress.
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Scrotal skin temperature, and the pattern 
of the temperature gradient of the scrotum, as 
assessed by infrared thermography, has been 
associated with semen quality in Holstein 
bulls (Gábor et al., 1998). The use of scrotal 
infrared thermography in B. indicus bulls to 
perform such assessments has been very rare 
to date, no doubt due to the relative cost of 
the equipment and the lack of appropriate 
infrastructure facilities on farm. However, 
modern devices allow the determination of 
temperature skin surfaces with a high sensi-
tivity (±0.2°C), and will allow the detection 
of zebu bulls that have poor testicular ther-
moregulation. The combination of such find-
ings with those obtained from the physical 
and semen assessments would undoubtedly 
increase the reliability of andrological diag-
nosis and prognosis in zebu bulls.

Another method for assessing sperm 
morphology, which is regarded as the current 
‘gold standard’ for research purposes, is DIC 
microscopy. This technique has particular 
advantages for detecting certain abnormali-
ties, such as the sperm nuclear diadem/crater 
defect (Saacke and Marshall, 1968; Coulter 
et al., 1978). Furthermore, Visintin et al. (1984) 
reported that assessment of semen samples 
from zebu bulls at AI centres using DIC 
allowed the diagnosis of 5% more acrosomal 
abnormalities than was possible when ordi-
nary phase contrast optics were used. Despite 
this, DIC usage is restricted under field con-
ditions as the equipment is expensive and 
requires considerable expertise for best results. 
Thus, DIC tends to be limited to laboratory 
usage, where it can provide useful informa-
tion that complements the findings of practi-
tioners in the field.

Final Bull Ranking after the BSE

The final ranking of B. indicus bulls that have 
undergone a BSE should consider and sum-
marize all of those aspects related to their 
potential breeding effectiveness under field 
conditions. Zebu bulls can be judged as sound 
or unsound for breeding, or recommended 
for re-evaluation at a later time, with the 
appropriate interval being dependent upon 

the particular problems encountered. For 
example, acquired physical and clinical prob-
lems that require treatment should be 
resolved before the bull is classified as sound. 
If resolution is not achievable, then culling is 
advised.

The category of ‘unsound for breeding’ 
should be used judiciously, and only when it 
is considered that the bull will not recover 
from the problem at hand, and/or that repre-
sents a significant genetic fault. The final 
judgement should take into account that bulls 
required to perform natural breeding under 
extensive conditions will need to be physi-
cally capable of doing the job. Acceptable 
thresholds for different sperm traits, such as 
sperm motility and morphology, may vary 
according to different regions, even though 
there is considerable conformity worldwide. 
In addition, differing standards for accept-
able scrotal size may be adopted by different 
breed organizations, which might also impose 
breed-specific requirements that have more 
to do with ‘type’ than with reproductive 
capabilities.

Bulls classified as sound for breeding are 
those that pass the physical examination, 
with a scrotal circumference appropriate to 
breed and age standards, healthy reproduc-
tive organs and without evident semen 
quality problems. In Costa Rica, a maximum 
threshold of 15% uncompensable sperm abnor-
malities (head shape, nuclear defects and 
proximal droplets) has been instituted for a 
bull to be classified as sound for breeding. 
Levels above this value are treated with cau-
tion, and further analysis of relevant clinical 
findings is undertaken to decide whether the 
bull in question should be declared as 
unsound (and culled immediately) or placed 
in the deferred category for re-inspection at a 
later date. Using these criteria, the prevalence 
of unsound B. indicus bulls in Costa Rica was 
reported as 29.0% (Chacón et al., 1999a), a 
level that was subsequently confirmed in 
another study to be 30.7% (Chacón et al.,
2010). In both these studies, the prevalence of 
unsound B. indicus bulls was significantly 
lower than in B. taurus and crossbreeds: 41.0% 
and 46.0%, respectively, P < 0.001 (Chacón 
et al., 1999a); and 48.0% and 46.1%, P < 0.0001 
(Chacón et al., 2010).
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In conclusion, the underuse of the BSE 
in B. indicus bulls in tropical areas is a factor 
that contributes to relatively poor repro-
ductive rates of tropical beef cattle. It is 
considered that the relevant knowledge 
and techniques now available should be 

fully exploited to remedy this situation. To 
achieve this will require effective exten-
sion and education programmes for both 
practitioners and producers using current 
information, as this chapter attempts to 
provide.
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is located in Asia, where buffalo play a 
prominent role in rural livestock production 
both providing milk and meat, and being 
used as working animals. In recent decades, 
buffalo farming has expanded widely in 
Mediterranean areas and in Latin America. 
For the manufacture of specific dairy prod-
ucts such as Mozzarella cheese, buffalo are 
reared in different regions of Australia. 
Buffalo are also reared for meat purposes in 
non-traditional countries because of the good 
dietary value of the meat, which contains less 
saturated fat than beef and pork.

Only in India and Pakistan are there 
well-defined buffalo breeds (Drost, 2007). 
Here, they are classified into five major 
groups: the Murrah, Gujarat, Uttar Pradesh, 
Central Indian and South Indian breeds. The 
Nili-Ravi buffalo, belonging to the Murrah 
group, is recognized as the highest milk-
producing breed of buffalo (Cockrill, 1974). 
The swamp buffalo found in South-east and 
Far East Asia has low milk production, and is 
mostly used as a draft animal by small farm 
holders or for meat purposes (Andrabi, 2009).

The male plays an important role in any 
successful reproductive management pro-
gramme. With the development of frozen 
semen technology for buffalo breeding, the 

Introduction

Buffalo are known for their habit of wallowing 
in water, especially during the hot hours of 
the day, and hence they are also referred to as 
water buffalo (hereafter mostly referred to as 
buffalo). The domestic buffalo (Bubalus bubalis)
has been broadly classified on the basis of 
habitat as river and swamp types, each con-
sidered a subspecies. This characteristic is 
so marked that the buffalo can be described 
as a semi-aquatic mammal. The river buffalo 
(B. b. bubalis) prefers to immerse itself in 
running water or ponds. The swamp buffalo 
(B. b. carabanesis) likes stagnant water or mud 
and prepares its own wallow by digging with 
its horns. Keeping buffalo away from water 
makes them more susceptible to environmen-
tal stresses (heat) and results in poor productive 
and reproductive performance (Marai and  
Haeeb, 2010).

The world buffalo population is increas-
ing, and in 2007 was estimated to be over 
177 million head (FAO, 2007). Since 1981/2, 
buffalo numbers have increased by 50 million. 
Interest in buffalo rearing and breeding is 
growing in several countries where the ani-
mal has previously been neglected – and even 
unknown. More than 97% of the population 
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demand for the best males has increased con-
siderably. The aim of this chapter is to des-
cribe the major reproductive and andrological 
parameters of water buffalo bulls.

Puberty

Generally, puberty in a bull occurs when the 
bull calf produces sufficient sperm to success-
fully impregnate a female; this has been 
defined as the time when a bull first produces 
an ejaculate containing 50 million spermato-
zoa, of which more than 10% are progressively 
motile (Wolf et al., 1965). The same principle 
has been used to define puberty in buffalo 
bulls (Ahmad et al., 2010). The pubertal period 
is associated with rapid testicular growth, 
changes in luteinizing hormone (LH) release 
pattern, an increase in blood plasma testoster-
one and the initiation of spermatogenesis.

The onset of puberty in buffalo bulls 
occurs later than it does in Bos taurus bulls. 
Sexual maturity of the male buffalo is attained 
at about 2–3 years of age, depending on the 
type of breed, management practices and 
feeding. Appropriate feeding and manage-
ment of prepubertal buffalo bulls is thought 
to be of value in enhancing puberty, because 
the first signs of sexual interest and meiotic 
divisions of spermatogonial cells have been 
found to occur as early as 9 months of age (Ali 
et al., 1981).

The first sexual interest of a buffalo bull 
may coincide with the development of fertil-
izing capacity or may precede it by a variable 
period. Although bulls are fertile during the 
immediate post-pubertal period, the quality 
and quantity of semen produced increases 
over the subsequent months. The testis size 
shows a curvilinear increase in relation to age. 
It increases slowly between 5 and 15 months of 
age, rapidly between 15 and 25 months of age 
and slowly again between 25 and 38 months 
of age. The plasma testosterone concentra-
tions are low up to 21 months of age, start 
to rise at 25 months and reach peak levels 
at 38 months of age (Ahmad et al., 1984). 
Changes in interstitial cells during the devel-
opment of the buffalo testis reveal that adult 
Leydig cells are visible in 3-month-old buffalo 

calves, but mesenchymal cells are seen from 
18 months of age onwards. The percentage 
of adult Leydig cells reaches a maximum by 
72 months of age and beyond (Rana and 
Bilaspuri, 2000).

Some of the salient characteristics linked 
to puberty in buffalo bulls are presented in 
Table 14.1. The ages and body weights at 
puberty in male buffalo are quite variable, 
with pubertal characteristics determined 
more by body weight than by age. Under 
good conditions, testicular spermatogenic 
cell divisions commence by approximately 
12 months and active spermatogenesis can be 
seen by 15 months of age (Azmi et al., 1990). 
However, the ejaculate contains viable sperm-
atozoa only after 24–30 months of age, indi-
cating that male buffaloes mature more slowly 
and have a longer time lag between the onset 
of spermatogenesis and the achievement of 
puberty than B. taurus bulls (Perera, 1999).

Seasonality

Buffalo bulls are capable of breeding through-
out the year, but some seasonal fluctuation in 
reproductive functions is evident in most coun-
tries. Heuer et al. (1987) attributed 40% of the 
observed seasonality of buffalo fertility to the 
male. In river type buffalo, semen volume, 
sperm concentration and initial sperm motility 
did not differ significantly between different 
seasons, but there was a significant difference 
post freezing (Tuli and Singh, 1983). Several 
studies have reported better freezability and 
conception rate of spermatozoa harvested 
during the autumn/winter or peak breeding 
season compared with those collected and pro-
cessed during the summer (dry or wet) or low 
breeding season (Tuli and Singh, 1983; Heuer 
et al., 1987; Bhavsar et al., 1989; Sagdeo et al.,
1991; Bahga and Khokar, 1991; Younis et al.,
1998; Koonjaenak et al., 2007b,c).

There is a possibility that a seasonal vari-
ation in the biochemical composition of semi-
nal plasma and/or spermatozoa may occur, 
as it does in other farm animals (Cabrera et al.,
2005; Argov et al., 2007; Koonjaenak et al.,
2007c). There are a few scattered reports 
available that describe differences in chemical 
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Table 14.1. Puberty in water buffalo.

Breed type

Age at 
puberty 

(months)
Body weight 

(kg)

Scrotal circumference 
(cm)/Testicular 
volume (cm3)

Plasma/serum 
testosterone

(pg/ml; 
otherwise ng/ml) Reference

River 
(Egyptian)

15–17 bc208.4 ± 93.8 Hemeida et al., 1985

River (Iraqi) 18.04 336.6 23.4 El-Wishy, 1978
River (Murrah 

cross)
~24 0.14 ± 0.11 Barreto et al., 1996

River (Murrah) 32.4 ± 2.2 408.6 ± 53.4 24.5 ± 2.8/a175.9 ± 81.4 Pant et al., 2003
River 

(Nili-Ravi)
24.9 ± 0.9 Ahmad et al., 1984

River 
(Nili-Ravi)

22.8 ± 1.1 421 ± 191 23.8/a188 ± 12 3.3 ± 1.2 Ahmad et al., 1989

River 
(Nili-Ravi)

23.6 ± 0.9 Ahmad et al., 1991

River 
(Nili-Ravi)

~24 450 ± 40 26 ± 0.5 Ahmad et al., 2010

River 
(Nili-Ravi)

26.5 ± 0.8 515 ± 21 26.3 ± 0.0 Asghar et al., 1985

River 
(Nili-Ravi)

25.4 501 25.3 Heuer and 
Bajwa, 1986

Swamp 
(Australian)

30–33 >250 17–20 McCool and 
Entwistle, 1989

Swamp 
(Malaysian)

29 ± 3 380 ± 20 Nordin et al., 1986

Swamp (Thai) ~20 Chantaraprateep 
et al., 1985

aValues are either average or mean ± SEM; bvalue in pg/ml; cvalues are Mean ± SD.

composition of buffalo seminal plasma and 
spermatozoa under different climatic condi-
tions (Singh et al., 1969; Mohan et al., 1979; 
Sidhu and Guraya, 1979), but the informa-
tion given in these studies is insufficient to 
explain the variation in the freezability of 
buffalo spermatozoa during different seasons 
(Andrabi, 2009).

Genitalia

The male reproductive system can be divided 
into three components: the primary sex organ, 
i.e. testes; a group of accessory glands and 
ducts, i.e. the epididymis, vesicular glands, 
bulbourethral gland and prostate; and the 
external genitalia or copulatory organ i.e. the 
penis. The reproductive organs of the water 

buffalo bull are similar to those of the bull of 
domestic cattle (B. indicus), but the testes and 
scrotum are smaller and the penile sheath is 
less pendulous. The sheath of the penis 
adheres close to the body in the swamp type 
of buffalo. but is more pendulous in the river 
type. As in cattle, the testis and epididymis 
can be palpated through the scrotal wall, 
while the prostate, seminal vesicles and 
ampullae of the ductus deferens can be pal-
pated per rectum (Ahmad and Noakes, 2009).

The scrotum of the river buffalo is 20–25 cm 
in length, has a distinct neck and is pen-
dulous. The scrotum of the swamp buffalo is 
about 10 cm in length (fully extended) and 
the neck is not distinct (MacGregor, 1941). The 
testes of the swamp buffalo descend into the 
scrotum at 2–4 or 6 months of age, while they 
may be present in the scrotum at birth in the 
river type. The normal testes of buffalo are 
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ovoid in shape and turgid on palpation, with 
a marked resonance. The testes are of unequal 
size, with the left usually bigger. In river buf-
falo, the average measurements (length × width) 
of the right and left testicles (including the 
epididymis) are 14.2 × 6.41 cm and 15.0 × 6.87 cm, 
respectively. Joshi et al. (1967) reported the 
length, breadth and circumference of the tes-
tes, excluding the epididymis, as 7.60 × 4.30 × 
12.20 cm for the right and 7.87 × 4.33 × 12.29 cm 
for the left. In swamp buffalo, MacGregor (1941) 
reported that the average right and left testi-
cle measurements, including the epididymis 
length × width) were 11.18 × 4.85 cm and 11.27 × 
4.82 cm, respectively. The diameter of the sem-
iniferous tubule in water buffalo testes ranges 
from 170 to 200 mm and each is 5–100 cm in 
length. The total length is as high as 5000 m in 
a pair of testes. The height of the seminiferous 
epithelium is about 56 mm and the interstitial 
nuclear diameter is close to 13 mm (Ahmad 
et al., 2010).

During calfhood, the penis is firmly 
adhered within the sheath and cannot be 
extended. However, at about 2 to 4 months 
before puberty, partial protrusion occurs dur-
ing mounting, followed by separation of 
penis from the sheath, complete erection and 
eventually mating and ejaculation. In river 
buffalo, the penis hangs clear of the abdomen 
by 15–30 cm, being attached thereto by a 
triangular fold of skin running backwards 
from the umbilicus. In swamp type buffalo, 
the sheath of the penis adheres closely to the 
abdomen except for the last 2–3 cm (MacGregor, 
1941). The average length of the penis is 
83.51 cm in the river buffalo and 56.72 cm in 
the swamp type (Joshi et al., 1967). The pre-
puce of water buffalo is long and narrow, and 
is devoid of hairs.

Sexual Behaviour and Libido

Libido is the eagerness of the male animal to 
copulate with the female. Bull libido, or sex 
drive, is an important aspect of fertility and 
there is great individual variation in it. 
There is a large genetic component to libido 
(Chenoweth, 1997) although, within bulls, 
Landaeta-Hernandez et al. (2001) reported 

poor repeatability in test results for libido, 
service rate and reaction time to service, 
suggesting that there are other influences on 
mating behaviour as well, such as learning 
and/or environmental factors.

The sexual behaviour of the water buf-
falo bull is similar to, but less intense than, 
that of the B. taurus bull. Libido is suppressed 
during the hotter part of the day. Sniffing of 
the vulva or of female urine and the flehmen 
reaction precede mounting of the oestrous 
female. The occurrence of flehmen behaviour 
in the buffalo bull is significantly increased 
during oestrus compared with dioestrus 
(Rajanarayanan and Archunan, 2004). Mating 
is brief and lasts only a few seconds, and the 
ejaculatory thrust is less marked than in the 
cattle bull. After ejaculation, in contrast to 
the B. taurus bull, the buffalo bull dismounts 
slowly and the penis retracts gradually into 
the sheath (Jainudeen and Hafez, 1987). 
Following ejaculation and dismounting, the 
buffalo bull shows a sexual refractory period, 
but a quick return to mounting behaviour is 
shown by males when given an opportunity 
to mate a new oestrous female (Jainudeen 
and Hafez, 1987). Buffalo bulls usually con-
tinue to tease the same female buffalo and 
repeatedly mount her, perhaps within a 10–15 
min period, but the interval between and 
number of mountings vary between males.

Good libido and proper mating ability of 
a buffalo bull are also desirable traits for a 
successful artificial insemination (AI) pro-
gramme to harvest maximum semen of 
acceptable quality. Wide variation in libido 
and sexual behaviour exists between semen 
donor buffalo bulls (Anzar et al., 1993). Bulls 
of the best category in terms of libido and 
sexual behaviour must be used to overcome 
the two different types of infertility related to 
these behavioural characteristics – delayed 
puberty and failure of semen production 
(Ahmad et al., 1985).

Ejaculation time in seconds, one of the 
indices of libido, is higher in swamp buffalo 
than in river buffalo, 467.24 ± 353.9 and 112.57 ± 
62.4, respectively (± se) (Ramakrishnan et al.,
1989). The influence of environment (season) 
on libido score (0–6) in river buffalo bulls was 
significantly higher during the autumn/early 
winter peak breeding season, 4.30 ± 0.13 (± se),
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than in the summer low breeding season, 
3.46 ± 0.16 (± se); similarly, reaction time (s) 
was significantly lower, 31.24 ± 2.27 (± se),
during the autumn peak breeding season 
than in the summer low breeding season, 
34.28 ± 3.3 (± se) (Younis et al., 2003).

Sperm Production

Among farm animals (with the exception of 
the boar), the water buffalo bull has one of the 
shortest spermatogenic cycles. Buffalo sperm-
atogenesis constitutes 4.57 cycles of the sem-
iniferous epithelium (Guraya and Bilaspuri, 
1976). The duration of the seminiferous epi-
thelial cycle and of spermatogenesis are 8.6–
8.7 days and 38 days, respectively (Sharma 
and Gupta, 1980; McCool et al., 1989). In gen-
eral, the frequency of cell stages in water buf-
falo and cattle is similar, at eight (Pawar and 
Wrobel, 1991).

In sexually mature river buffalo, the total 
epididymal sperm reserve per animal is about 
36.2 billion. The efficiency of sperm produc-
tion averages 14.5 × 106 sperm/g testicular 
parenchyma daily, with a mean of 2.02 × 109

sperm/testis. Thus, a typical buffalo bull pro-
duces about 4 × 109 sperm daily (Sharma and 
Gupta, 1979). This may vary according to age, 
season and nutrition. Pant et al. (2003) reported 
5.2–8.4 × 106 sperm/g of testicular paren-
chyma daily, with a range of 2.18–3.37 × 109

total sperm daily in river buffalo bulls. In a 
mature swamp buffalo bull, daily sperm 
production is about 1.86 × 109 and epididy-
mal sperm reserves are 9.7 × 109 (McCool and 
Entwistle, 1989). The overall short duration of 
spermatogenesis, the smaller testicular size 
and low rate of daily sperm production in 
both types of water buffalo, compared with 
cattle, perhaps reflects species difference in 
the length of the sexual season and mating 
behaviour (Jainudeen and Hafez, 1987).

Dhingra and Goyal (1975) explained in 
detail the different types of spermatogenic 
cells in the adult water buffalo bull. Type 
A spermatogonia have a spherical to ovoid 
nucleus with finely granulated chromatin, 
homogeneously dispersed in the nucleo-
plasm, and have one or two nucleoli adhering 

to the nuclear membrane. Type A0 spermato-
gonia are characterized by nuclei containing 
finely granulated chromatin and a nucleolus 
attached to the nuclear envelope. The A1 type 
spermatogonia, in contrast, have finely granu-
lated chromatin with the nucleolus adhering 
to the nuclear membrane. The nuclei of A2 type 
spermatogonia resemble those of type A1, but 
contain coarse granular chromatin dispersed 
in the nucleoplasm. The intermediate type of 
spermatogonia acquire a central position of 
the nucleolus, but the chromatin remains 
coarsely granulated and non-clumped. Three 
classes of type B (B1–B3) spermatogonia are 
present based on the degree of clumping of 
the chromatin and the central position of the 
nucleolus. Type B1 cells are characterized by 
nuclei containing a few flakes of chromatin 
and a centrally located nucleolus. Type B2 cells 
show comparatively more clumping of chro-
matin than type B1 spermatogonia, and this is 
dispersed at random in the nucleoplasm and 
along the nuclear envelope. Type B3 spermato-
gonia show chromaphilic chromatin dispersed 
in the nucleoplasm and adhering along the 
nuclear membrane.

Semen Collection

The procedure for the collection of buffalo 
semen is by using a teaser and an artificial 
vagina (AV) (Fig. 14.1). Buffalo bulls are con-
sidered among the easiest of mammals to be 
trained to serve an AV (Presicce, 2007), pro-
vided that the temperature (39–42°C), type of 
inner liner (smooth or rough) and air pressure 
of the AV are appropriate. Buffalo bulls are 
less choosy than cattle bulls about the teaser 
or dummy animal and quickly mount a teaser
or a male buffalo in their service of an AV for 
semen collection. Successful electroejaculation 
(EE) and transrectal message methods have 
also been used for semen collection in buffalo 
bulls. However, the quality of semen col-
lected is better from using an AV than from 
EE or transrectal message.

In normal routine, a 30.48 cm long bovine 
‘Danish model’ AV is used for semen collec-
tion in buffalo bulls. Adult bulls prefer a 
smooth inner lining to the AV, whereas senile 
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bulls donating semen prefer an AV with 
rough inner lining. Two consecutive ejacu-
lates at 10–20 min interval are collected from 
buffalo bulls twice a week with an AV. 
The semen is collected after at least two 
false mounts (sexual stimulation). Frequent 
or delayed collections result in poor semen 
quality (Anzar et al., 1988).

Semen Characteristics

Semen colour

Buffalo bulls normally produce greyish to 
milky white or creamy white semen, with a 
slight tinge of blue (Jainudeen and Hafez, 1987; 
Vale, 1994). The yellowish semen produced by 

some Bos bulls because of the presence of ribo-
flavin is rarely produced by buffalo bulls, 
although under some pathological conditions, 
buffalo bulls can produce semen of differing 
colour and consistency.

Ejaculate volume

The volume of the buffalo ejaculate varies 
from bull to bull and within each bull, depend-
ing on breed and age of bull. Significant 
individual variations in the semen volume of 
buffalo bulls have been reported by numerous 
workers (Table 14.2). Young bulls coming into 
service produce about 1–2 ml of semen, while 
older bulls provide up to 6 ml (Vale, 1994). 
In general, the volume of the semen increases 

Fig. 14.1. Semen collection from a water buffalo bull, which shows bull dismounting after thrusting.

Table 14.2. Semen characteristics of water buffalo.

Breed type
Ejaculate

volume (ml)
Sperm concentration 

(×109/ml)
Sperm 

motility (%) Reference

River (Egyptian) 2.7–4.9 0.22–2.74 64–84 Sayed, 1958; Abdou 
et al., 1977

River (Jafrabadi) 5.0–5.3 1.17–1.24 60–70 Kodgali, 1967; Kerur, 1971
River (Kundhi) 2.0–6.0 – 7–70 Samo et al., 2005
River (Murrah) 2.5–3.6 3.82–5.90 – Pant et al., 2003
River (Murrah) 1.5–5.0 0.32–2.20 20–80 Sen Gupta et al., 1963; 

Dabas et al., 1982
River (Murrah) 2.0–8.0 0.60–1.20 70 Vale, 1994
River (Nili-Ravi) 1.5–6.0 2.50–3.70 70–90 Ishaq, 1972
River (Surti) 1.0–4.0 0.63–1.00 – Kodgali, 1967; Kodgali 

et al., 1972
Swamp (Malaysian) 2.9 1.06 70.7 Jainudeen et al., 1982
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with age, but it also depends upon the general 
and reproductive health of the animal and the 
frequency of ejaculation.

Semen pH and buffering capacity

The pH of freshly ejaculated buffalo bull semen 
ranges from 6.4 to 6.9, or sometimes up to 7.0. 
The buffering capacity of seminal plasma in 
buffalo bulls is much higher on the acidic side 
than on the alkaline side and, overall is much 
lower than that of cattle bulls (Singh and 
Sadhu, 1973).

Sperm concentration

Marked variations in the concentration of buf-
falo bull spermatozoa in semen have been 
reported (Table 14.2), with the number of 
spermatozoa/ml ejaculate varying from 0.2 to 
over 3 billion. Factors such as sexual develop-
ment, age, season, nutrition and reproductive 
health affect the concentration of spermatozoa 
in ejaculates.

Semen viscosity

Viscosity is a measure of the fluidity or den-
sity of the semen. The viscosity of buffalo 

semen is reported to be 1.88 centipoise (0.188 
Pa/s). A positive correlation between viscos-
ity and concentration has been reported for 
buffalo bull semen. The density of the semen 
varies from 0.84 to 1.12 g/ml, and is largely 
due to the sperm concentration. The average 
value of the semen surface tension is reported 
to be 65.03 dyne/cm (650.03 mN/cm). Sexual 
development, age, season, nutrition and 
reproductive health all affect the concentra-
tion of spermatozoa in ejaculates. Viscosity, 
density and surface tension of the semen, 
like sperm concentration, depend upon sex-
ual development, age, season, nutrition and 
reproductive health (Sidhu and Guraya, 1985, 
pp. 8–10).

Sperm motility

Generally, the motility of buffalo bull semen 
is lower than that of the Bos bull. The range of 
sperm motility found in buffalo bull semen is 
shown in Table 14.2.

Sperm biometry

Various sperm morphometric indices of 
buffalo bull spermatozoa are presented in 
Table 14.3.

Table 14.3. Sperm morphometric indices for water buffalo.

Head (mm)
Acrosomal
cap (mm) Midpiece (mm) Tail (mm)

Breed type Length Width Length Width Length Width Length Width Reference

River 
(Egyptian)

7.20 4.45 – – – – – – El-Azab, 
1980

River 
(Murrah)

7.63–7.66 4.71–4.89 – – 11.41–11.57 0.62–0.71 – – Pant and 
Mukherjee, 
1972

River 
(Murrah)

7.59 ± 0.01 4.91 ± 0.01 3.64 ± 0.01 4.41 ± 0.01 – – 56.14 ± 0.18 – Roy et al.,
2008

River 
(Murrah)

7.50 4.70 – – 11.95 0.62 42.50 0.50 Sidhu, 1974

River 
(Nili-Ravi)

8.3 4.5 – – 12.2 – 54.8 – Saeed et al.,
1989

Values are either average or mean ± SEM.
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Biochemical Composition of Semen

Buffalo semen contains higher concentrations 
of fructose, acid and alkaline phosphatase 
activity and inorganic phosphorus, but lower 
concentrations of citric acid and ascorbic acid 
than cattle bull semen. Also in contrast to cat-
tle bull semen, higher alkaline phosphatase in 
buffalo semen is concomitant with decreased 
motility and percentage of live cells, depressed 
dehydrogenase activity and a slight decrease 

in the rate of fructose hydrolysis. Data on the 
enzymic activity and other biochemical con-
stituents of water buffalo semen are given in 
Tables 14.4 and 14.5.

Both acetylcholinesterase and amylase 
are significantly lower in buffalo than in 
cattle bull semen. The buffalo sperm acro-
some is rich in hydrolytic enzymes, such as 
alkaline phosphatase and beta-glucuronidase, 
although acid phosphatase is localized mainly 
in the post-acrosomal segment. Buffalo semen 

Table 14.4. Enzymatic constituents of water buffalo semen. Modified from Chauhan and Srivastava, 
1973 and Andrabi, 2009.

Characteristic Seminal plasma Spermatozoa

Acid phosphatase 315.31 ± 22.66 BUa/100 ml –
194 ± 10 BU/100 ml 39 ± 6 BU/1011 cell

Aldolase 70.31 ± 27.79 SLUb/ml –
Alkaline phosphatase 312.50 ± 24.04 BU/100 ml –

270 ± 9 BU/100 ml 63 ± 6 BU/1011 cell
Deoxyribonuclease – 2007.33 ± 112.01 KUc/ml
Glutamic-oxaloacetic 

transaminase
166.72 ± 14.08 Ud/ml –

Glutamic-pyruvic transaminase 134.56 ± 4.57 U/ml –
Lactic dehydrogenase 1671.5 ± 113.11 BBUe/ml –

Values are either mean ± SD or mean ± SE.
Units of enzyme activity: aBU, Bodansky units; bSLU, Sibley–Lehninger units; cKU, Kunitz units; dU, (standard) units; 
eBBU, Berga-Broida units.

Table 14.5. Biochemical composition of water buffalo semen. Modified from Andrabi, 2009.

Characteristic Seminal plasma Spermatozoa

Alanine 0.413 mM –
Ascorbic acid 3.9 ± 0.5 mg/100 ml –
Aspartic acid 0.395 mM –
Cholesterol 18.5 ± 0.9 % of total neutral lipids 117.6 ± 1.6 % of total neutral lipids

53.67 ± 8.72 mg/100 ml
Citric acid 444.9 ± 17.4 mg/100 ml –
Fructose 368.12–815.71 mg/100 ml –
Glutamic acid 4.28 mM –
Glutathione 32.49 ± 5.10 mmol/ml –

(whole semen)
Glycine 1.34 mM –
Glycolipids 0.581 mg/ml 0.397 mg/109 cells
Lactic acid 82 ± 6 mg/100 ml 167 ± 9 mg/1011 cells
Lipids 1.5 mg/ml or 1.75 ± 0.03 mg/ml 1.320 ± 0.030 mg/109 cells
Lysine 0.133 mM –
Neutral lipids 0.439 mg/ml 0.286 mg/109 cells
Phospholipids 0.594 mg/ml 0.548 mg/109 cells
Serine 0.60 mM –

Values are either average or mean ± SEM.
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contains characteristically low levels of potas-
sium compared with sodium. The sodium: 
potassium ratio in buffalo seminal plasma is 
1:3.7, on average, with well over 60% of ejacu-
lates having a ratio of 1:2.86. The zinc (Zn) 
concentration in seminal plasma averages 
86.88 mmol/l, whereas its concentration in 
sperm is greater, averaging 14.3 mmol/cell. 
Increased motility and a decreased percent-
age of abnormalities are correlated with an 
increased Zn concentration in spermatozoa, 
but no relationship has been found between 
Zn concentration in the seminal plasma and 
sperm motility.

Preservation of Semen

Liquid storage

Buffalo semen can be stored at a refrigeration 
temperature of 5°C for up to 72 h without sig-
nificant decrease in quality, provided that it is 
diluted in milk-based extenders or with media 
that have the same composition as those used 
for deep freezing (except for glycerol) (Dhami 
et al., 1994; Akhter et al., 2008, 2011b).

Fresh cow’s milk is widely used as a dil-
uent for the liquid storage of buffalo semen 
(Kumar et al., 1993a). It is recommended that, 
before use for dilution, the milk should be 
heated, cooled overnight in a refrigerator, the 
fat layer removed and the milk then reheated 
in a water bath for a few minutes. After 
repeated cooling, the remaining fat should be 
removed by filtration through cotton wool. 
Tris(hydroxymethyl)aminomethane, egg yolk-
citrate and egg yolk-lactose are also popular 
diluting media for the liquid storage of buf-
falo semen (Akhter et al., 2011b). After storage 
of semen in milk, Tris and citrate-based dilu-
ents at 5°C for 24 h, the decrease in motility 
was similar in the three media, but after 48 h, 
only milk and Tris were able to maintain 
sperm motility (Kumar et al., 1992). Dhami 
et al. (1994) examined the relative efficacy of 
Tris-, citrate- and lactose-based diluents, and 
found that the best sperm survival after 72 h 
at 5°C was in Tris buffer. Recently, Bioxcell has 
been found to be suitable for the liquid stor-
age of cooled buffalo semen for up to 5 days 

(Akhter et al., 2011b), although fertility results 
are not yet available on the use of Bioxcell as 
a medium for this purpose.

The proportion of motile spermatozoa 
studied at different egg yolk concentrations 
(1, 2.5, 5, 10 and 20%) in Tris-based diluent 
showed that low levels (1 and 2.5% egg yolk) 
are the best for 72 h storage at 5°C (Sahni and 
Mohan, 1990a,b). There was no improvement 
in viability of spermatozoa after 72 h storage 
at 5°C when 5, 10 and 20% egg yolk was 
included in milk- or Tris-based extenders. 
However, there was an improvement in Tris-
based extender (10 or 20% egg yolk) after the 
addition of 0.1% l-cysteine, or of EDTA or its 
tetrasodium salt (Kumar et al., 1993a).

The examination of different glycerol con-
centrations (3, 6 or 9%) in milk-, Tris- and citrate-
based extenders (Kumar et al., 1992) revealed 
that for 24 h storage at 5°C, glycerol was not 
required in the extender; but in the case of a 
longer period of storage (72 h or more), glyc-
erol protected the motility of the spermatozoa. 
There was no difference between 3 and 6% 
glycerol for up to 24 h of storage, but beyond 
24 h, the motility of spermatozoa was main-
tained better with 6% than with 3 or 9% glyc-
erol in the extender.

Frozen storage

Buffer

The dilution of semen in a suitable buffer is 
one of the important factors affecting sperm 
survival during cryopreservation (Rasul et al.,
2000). An ideal buffer should have: (i) pH 
between 6 and 8, preferably 7; (ii) maximum 
water solubility and minimum solubility in 
all other solvents; (iii) minimum salt effects; 
(iv) minimum buffer concentration; (v) the 
least temperature effect; (vi) good cation 
interactions; (vii) greater ionic strengths; and 
(viii) chemical stability (Andrabi, 2009).

Development of a suitable buffering sys-
tem for cryopreservation of buffalo spermato-
zoa has been in progress for some time, but 
in a hit-and-miss empirical fashion. Several 
studies have concentrated on the use of chem-
ically defined buffers for buffalo semen that 
were originally evolved for cattle bull semen. 
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For example, citrate or Tris and/or citric acid 
or Laiciphos (IMV, France; containing 
Laiciphos in unknown buffer) or Biociphos 
(IMV, France; containing Biociphos in unknown 
buffer) or Bioxcell (IMV, France; containing 
unknown buffer and animal protein-free for-
mulae of non-toxic cryoprotectant) have been 
tested as buffers for the deep freezing of 
water buffalo spermatozoa (Chinnaiya and 
Ganguli, 1980a,b; Matharoo and Singh, 1980; 
Ahmad et al., 1986; Dhami and Kodagali, 
1990; Singh et al., 1990, 1991, 2000; Dhami 
et al., 1994; Akhter et al., 2010). Tris-based 
buffer has been reported as the most suitable. 
Zwitterion buffers such as Tes and Hepes 
have also been used for deep freezing buffalo 
spermatozoa, but with varying success (Oba 
et al., 1994; Chachur et al., 1997; Rasul et al.,
2000). A study with Bioxcell indicated that it 
can be an alternative to the laboratory-made 
Tris-based extender for the cryopreservation 
of buffalo semen provided that the fertility 
results on a large scale are found to be satis-
factory (Akhter et al., 2010).

From the results of the aforementioned 
studies, it is suggested that buffers, particularly 
Tris-based, may provide the most satisfactory 
system to improve the post-thaw freezability 
of buffalo spermatozoa. It is believed that 
Tris-based buffer has a pH nearer to the pKa

(acid dissociation constant) and is least 
influenced by temperature compared with 
other buffers. Additionally, the differences 
that have been found in the efficacy of dif-
ferent buffers suggest that buffalo sperma-
tozoa are more prone to freezing stress than 
cattle bull spermatozoa, possibly owing to 
biochemical factors that influence mem-
brane fluidity during cryogenic preservation 
(Andrabi, 2009).

Permeable cryoprotectant

Glycerol is often polyhydroxylated and cap-
able of hydrogen bonding with water, as well 
as being able to permeate across the cell mem-
brane and being non-toxic during exposure to 
cells in a concentration of about 1–5 mol/l – 
depending on the cell type and conditions of 
exposure (Fuller and Paynter, 2004). More spe-
cifically, the physiological actions of glycerol 
during the cryopreservation of spermatozoa 

occur by replacing the intracellular water nec-
essary for the maintenance of cellular volume, 
interacting with ions and macromolecules, 
and depressing the freezing point of water, 
with the consequent lowering of electrolyte 
concentrations in the unfrozen fraction so that 
less ice forms at any given temperature (Holt, 
2000; Medeiros et al., 2002).

For the cryopreservation of buffalo 
semen, several studies have been carried 
out in an attempt to find the optimum con-
centration of glycerol (0–12% v/v) and method 
of glycerolization (one versus two steps) 
(Jainudeen and Dass, 1982; Kumar et al., 1992; 
Nastri et al., 1994; Ramakrishnan and Ariff, 
1994; Abbas and Andrabi, 2002; Singh et al.,
2006). From these (available) studies, it is sug-
gested that a glycerol concentration of 5–7%, 
added either in one step to the initial extender 
or in two steps to the milk-based extender, is 
suitable for the cryopreservation of buffalo 
bull spermatozoa.

Ethylene glycol could be another option 
for cryopreservation of buffalo spermatozoa. 
The permeability of ethylene glycol was 
found to be higher than that of glycerol in 
spermatozoa of different species (Gilmore 
et al., 1995, 1998; Phelps et al., 1999), resulting 
in lower hydraulic conductivity and subse-
quently a reduction in the osmotic stress to 
which cells are exposed during cooling and 
freezing (Gilmore et al., 1995). Propylene 
glycol also has the basic properties of a cryo-
protectant, i.e. it is miscible with water in 
all proportions, its solutions in water have 
profoundly depressed freezing points and 
(presumably) it has a low intrinsic toxicity 
because it is widely used in the food and phar-
maceutical industries (Arnaud and Pegg, 1990). 
Recently, Valdez et al. (2003) and Rohilla et al.
(2005) have tested ethylene glycol or pro-
pylene glycol as substitute for glycerol. 
Their preliminary results suggest that ethyl-
ene glycol may be used for freezing buffalo 
spermatozoa.

Dimethyl sulfoxide (DMSO) is a rapidly 
penetrating cryoprotectant with a lower mole-
cular weight than glycerol. It may also inhibit 
the harmful effect of hydroxyl radicals, which 
appear during cell respiration and are detri-
mental to cells (Johnson and Nasr-Esfahani, 
1994; Yu and Quinn, 1994). More recently, 



390 S.M.H. Andrabi

Rasul et al. (2007) studied glycerol and/or 
DMSO, added either at 37 or at 4°C, as a cryo-
protectant for buffalo spermatozoa. The 
addition of DMSO did not allow satisfactory 
cryopreservation of buffalo spermatozoa in 
Tris-citric acid based extender. The exact 
mechanism involved in the antagonist effect 
of DMSO on the cryoprotection ability of 
glycerol is not understood, but its lethal effect 
is attributed to a toxic rather than an osmotic 
effect (Rasul et al., 2007). It is believed that, as 
a result of the lower molecular weight of 
DMSO, its penetrating ability into the cell is 
higher than that of glycerol.

Non-permeable cryoprotectant

Egg yolk is a common component of semen 
freezing extenders for most livestock species, 
including the buffalo. Little attention has 
been paid to the concentration of egg yolk 
necessary for freezing buffalo semen, and 
generally it is used at 20% in a semen extender 
for cryopreservation (Andrabi et al., 2008). 
The use of egg yolk at a higher concentration 
may have deleterious effects when combined 
with the toxicity (amino acid oxidase activity) 
of dead spermatozoa, resulting in a lower 
post-thaw spermatozoal quality (Shannon, 
1972). The enhanced toxicity associated with 
increased egg yolk is probably owing to the 
elevated substrate available for hydrogen 
peroxide formation. It should also be noted 
that as the yolk concentration is increased in 
the diluents, the pH of the medium decreases 
and tends towards the acidic side. This may 
also be a reason for the depressing effect of 
higher amounts of yolk on the quality of 
thawed spermatozoa (Sansone et al., 2000).

Studies have been conducted on differ-
ent concentrations (0–20% v/v) of chicken 
egg yolk in extender as a non-permeable 
cryoprotectant for buffalo semen (Sahni and 
Mohan, 1990a,b; Kumar et al., 1994; Singh 
et al., 1999). Yolk added at a 20% concentra-
tion yielded better results than any of the 
other concentrations tested. Egg yolks from 
duck, guinea fowl and the indigenous Indian 
hen (desi) in extender have been tested for 
improving the post-thaw quality of buffalo 
bull spermatozoa. Duck egg yolk has been 
found to be more suitable for the freezing 

medium than chicken egg yolk and other 
avian egg yolks (Andrabi et al., 2008).

The contents of the egg yolk used as a 
component of the semen freezing extender 
may also influence the parameters of the 
sperm post thaw. It has been reported that 
there are different proportions of low-density 
lipoproteins (LDLs) in commercial hen egg 
yolk depending on the hybrid line selected, 
and the management and nutritional practices 
adopted (Bathgate et al., 2006). The discovery 
of anti-cryoprotective factors and inconsistent 
LDL composition in whole egg yolk increased 
interest in the use of purified LDLs in semen 
freezing extender. Recently, Akhter et al. (2011a) 
determined whether LDLs extracted from the 
egg yolk in extender improve the freezability 
and fertility of buffalo bull semen. On the 
basis of their results, it is concluded that LDLs 
(at 10%) in extender can be a better alternative 
to fresh egg yolk for the cryopreservation of 
buffalo bull semen.

Polyethylene glycol (PEG) is a non-
permeable cryoprotectant that may slow 
down the process of ice nucleation during the 
cryogenic process, thus protecting the cellular 
membrane. Another protective mechanism 
by which PEG operates may be its coupling 
with hydrophobic molecules to produce non-
ionic surfactants. The effect has been studied 
of the addition of PEG 20 in supplementation 
to hen egg yolk in a freezing medium for buf-
falo bull semen (Cheshmedjieva et al., 1996), 
but further studies are required to determine 
whether it may be a better option than other 
protectants for the cryopreservation of buf-
falo spermatozoa.

Sugars that are not capable of diffusing 
across a plasma membrane, such as lactose, 
sucrose, raffinose, trehalose or dextrans, are 
also added to extender as non-permeable 
cryoprotectants for buffalo semen cryopreser-
vation (Ahmad and Chaudhry, 1980; Ala Ud 
et al., 1981; Dhami and Sahni, 1993). In these 
instances, the sugars create osmotic pressure, 
inducing cell dehydration and, therefore, 
a lower incidence of intracellular ice forma-
tion. These sugars also interact with the 
phospholipids in the plasma membrane and 
reorganize it, which results in sperm that are 
better suited to surviving the cryopreserva-
tion process. However, post-thaw motilities 
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have never achieved acceptable levels when 
sugar was used as the sole cryoprotectant 
(Andrabi, 2009).

Bacteriospermia and its Control

Even after following the standard epidemio-
logical rule to maintain pathogen-free bull 
semen for AI, microbes may still exist in the 
semen of the bull. Bacteria in bovine semen 
may come from the testes or epididymis, the 
accessory glands, the vas deferens, the ure-
thra, the prepuce or the penis (Thibier and 
Guerin, 2000). Extenders with ingredients of 
animal origin (egg yolk or milk) can also be a 
source of bacteria, and also result in the con-
tamination of semen (de Ruigh et al., 2006). 
Even under conditions in which great care is 
taken, semen may become contaminated at 
the time of collection or during the subse-
quent handling/packaging ‘dip and wipe’ 
procedure (Holt, 2000), or even during storage 

in the deep-frozen state (Bielanski et al., 2003; 
Mazzilli et al., 2006). Table 14.6 lists bacteria
that have been isolated from fresh and thawed 
buffalo semen.

It is documented that semen containing 
substantial bacteria usually also has leuco-
cytes and polymorphonuclear granulocytes, 
and this causes the production of reactive 
oxygen species (ROS) (Ochsendrof, 1998). 
Increased ROS levels impair sperm func-
tions and, ultimately, their fertilizing capacity 
(Maxwell and Stojanov, 1996). The presence of 
microorganisms, especially bacteria, in the 
ejaculates, can affect fertilization directly by 
their adherence to spermatozoa, and impair 
their motility and induce the acrosome reac-
tion (Morrell, 2006). Microbes can also have an 
indirect effect by producing toxins (Morrell, 
2006), and those transmitted through semen 
can result in abortions and infections of the 
female genital tract (Bielanski et al., 2000).

Bacteria in semen and their control via 
addition of antibiotics in freezing diluents may 
affect the viability or fertility of cryopreserved 

Table 14.6. Bacteria isolated from fresh and thawed water buffalo semen. Modified 
from Andrabi, 2007a.

Fresh semen Thawed semen

Acholeplasma laidlawii Acinetobacter calceaceticus
Alcaligenes sp. Aeromonas sp.
Bacillus sp. Bacillus sp.
Chlamydia psittaci Campylobacter sputorum
Corynebacterium equi Corynebacterium sp.
Corynebacterium pseododiptheriticum Enterobacter liquefasciens
Diphtheroids (Corynebacterium spp.) Escherichia coli
Enterobacter sp. Pseudomonas aeruginosa
Escherichia coli Streptococcus sp.
Micrococcus sp.
Mycoplasma arginini
Mycoplasma bovigenitalium
Mycoplasma bovis
Proteus mirabilis
Pseudomonas aeruginosa
Pseudomonas fluorescens
Pseudomonas genus
Pseudomonas putida
Pseudomonas testosteroni
Shigella sp.
Staphylococcus aureus
Streptococcus pyogenes
Ureaplasma spp.



392 S.M.H. Andrabi

bovine spermatozoa (Thibier and Guerin, 
2000; Morrell, 2006). Conventionally, ben-
zylpenicillin (1000 IU/ml) and streptomycin 
sulfate (1000 mg/ml), either alone or in com-
bination, is added to freezing diluents of 
buffalo bull semen (Sansone et al., 2000). 
However, streptomycin and penicillin (SP) 
was not found to be an effective combination 
to control bacteriospermia in buffalo semen 
(Gangadhar et al., 1986; Aleem et al., 1990; 
Amin et al., 1999; Akhter et al., 2008). Ahmed 
and Greesh, (2001), Ahmed et al. (2001a, b), 
Hasan et al. (2001), Andrabi (2007a) and 
Akhter et al. (2008) found that bacteria iso-
lated from buffalo bull semen were resistant 
to penicillin; SP was also deleterious to the 
post-thaw quality of spermatozoa. The authors 
concluded that gentamicin, amikacin, norflox-
acin, or a combination of gentamicin, tylosin 
and linco-spectin, (GTLS) may be added in 
extender for the efficient preservation of 
buffalo spermatozoa. Moreover, Andrabi et al.
(2001) reported a better conception rate from 
frozen–thawed semen with GTLS as diluent 
than with SP.

Semen Processing

During the process of cryopreservation, 
spermatozoa are subjected to chemical/toxic, 
osmotic, thermal and mechanical stresses, 
which are conspicuous at dilution, cooling and 
equilibration, or at the freezing and thawing 
stage. The success of semen cryopreservation 
depends to a notable degree on the dilution 
rate used. Originally, semen was diluted to 
protect spermatozoa during cooling, freezing 
and thawing, but the rate of dilution was often 
changed for technical reasons, such as increas-
ing the number of females that could be insem-
inated with each ejaculate, or standardizing 
the number of spermatozoa in each dose of 
frozen–thawed semen. In farm animals, semen 
has been diluted with specific volumes of 
extenders or by diluting semen to a specific 
concentration of spermatozoa. Dilution rates 
of 1:1 to 1:12 have been successfully used for 
buffalo semen. Perhaps a better way of dilut-
ing semen for comparison purposes is based 
on the sperm concentration. Reports of buffalo 

spermatozoa with acceptable fertility were 
with frozen samples ranging from 120 × 106 to 
30 × 106 cells/ml (Tahir et al., 1981; Andrabi 
et al., 2006).

After dilution, the semen is cooled to a 
temperature close to 4 or 5°C. Cooling is a 
period of adaptation of the spermatozoa to 
reduced metabolism. Extended semen is 
cooled slowly to avoid potential cold shock. 
Cold shock is believed to impair the function 
of membrane proteins that are necessary for 
structural integrity or ion metabolism. Major 
changes in bovine spermatozoa during this 
phase occur near 15 to 5°C, and do not hap-
pen below 0°C (Watson, 2000). Rapid cooling 
reduces the rate of fructose breakdown, oxy-
gen uptake and ATP synthesis by the sperm, 
which results in the loss of energy supply and 
motility. Furthermore, cold shock may increase 
calcium uptake by sperm. It has been empiri-
cally determined that cooling cattle bull sper-
matozoa from body temperature to 5°C at a 
rate of 10°C/h has the minimum of deleteri-
ous effects (Parks, 1997). Dhami et al. (1992) 
studied the effect of cooling rates (5, 30, 60 
and 120 min from 10 to 5°C versus 120 min 
from 28 to 5°C) on the deep freezing of
buffalo semen diluted in Tris-based extender. 
Their results suggest that buffalo semen can 
be frozen successfully after 30 min of cooling 
at 10°C.

Equilibration is traditionally recognized 
as the total time during which spermatozoa 
remain in contact with glycerol before freez-
ing. At this stage, glycerol penetrates into the 
sperm to establish a balanced intracellular 
and extracellular concentration. It should not
be overlooked that equilibration includes 
the concentration balance not only of glyc-
erol, but also of the other osmotically active 
extender components. Therefore, there is an 
interaction between the equilibration process 
(and possibly other cryogenic procedures as 
well) and the type of extender (buffer and 
cryoprotectant) used. Tuli et al. (1981) exam-
ined the equilibration of buffalo semen 
diluted in Tris- or citric acid-based extender 
for 2, 4 or 6 h. They found that post-thaw 
sperm survivability was better after 4 h equi-
libration than after 2 or 6 h. Dhami et al. (1996) 
conducted a study to determine the relative 
efficacy of four cooling rates (10/30°C to 5°C; 
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1 and 2 h each) and two equilibration periods 
at 5°C (0 and 2 h) for the cryopreservation of 
buffalo ejaculates. They concluded that the 
slow cooling of semen straws from 30 to 5°C 
for 2 h, compared with faster cooling (1 h), 
or with a lower initial temperature (10°C) and 
2 h of equilibration at 5°C, appeared to be 
necessary for the successful cryopreservation 
of buffalo semen, as determined by sperm 
survivability and fertility.

Of considerable importance for cryo-
preservation is the cooling/freezing rate in 
the critical temperature range (–5°C to –50°C), 
which determines whether the spermatozoa 
will remain in equilibrium with their extra-
cellular environment or will become pro-
gressively supercooled, with the increasing 
possibility of intracellular ice formation. 
During slow cooling, dehydration of the sperm-
atozoa can proceed to the point of osmotic 
equilibrium between intracellular and extra-
cellular space, i.e. cellular dehydration will be 
maximal; in contrast, raising the cooling rate 
too much means that dehydration is not fast 
enough to prevent the occurrence of intracel-
lular ice nucleation. However, if the cooling 
rate is within the required values (50–100°C/
min) this results in less excessive intracellular 
dehydration, less excessive intracellular sol-
ute concentrations and less shrinkage of the 
cells. Moreover, at optimum cooling/freezing 
rates, the spermatozoa remain vulnerable to 
unfavourable conditions for a shorter period 
of time.

Sukhato et al. (2001) determined the effects 
of freezing rate and intermediate plunge tem-
perature (cooling at 10, 20 or 30°C/min each 
to –40, –80 or –120°C before being plunged 
into liquid nitrogen) on the post-thaw quality 
and fertility of buffalo spermatozoa. They 
found that cooling/freezing spermatozoa 
from 4 to –120°C, at either 20 or 30°C/min, 
yielded better progressive sperm motility and 
fertility rates. Bhosrekar et al. (1994) com-
pared the conventional (over liquid nitrogen 
in static vapour for 10 min) and control (pro-
grammable) freezing methods for buffalo bull 
semen; they concluded that freezing at the 
rate of 17.32°C/min between +4 and –40°C 
with a programmable freezer, produced bet-
ter quality frozen semen than the conventional 
method of freezing. More recently, Rasul 

(2000) examined the effect of freezing rates 
on post-thaw viability of buffalo spermatozoa 
extended in Tris-citric acid-based extender. 
The freezing rates examined from 4 to –15°C 
were 3°C/min or 10°C/min, whereas the 
freezing rates investigated from –15 to –80°C 
were 10°C/min, 20°C/min or 30°C/min. 
It was concluded that the different freezing 
rates tested gave similar results in terms 
of post-thaw spermatozoal viability, as 
judged by visual and computer-determined 
motilities, motion characteristics, plasma 
membrane integrity and intactness of the 
acrosomal ridge.

In the freeze–thaw procedure, the 
warming phase is just as important to the 
survival of spermatozoa as the freezing 
phase. Spermatozoa that have survived cool-
ing to –196°C still face the challenge of 
warming and thawing, and thus must 
twice traverse the critical temperature zone, 
i.e. between –5 and –50oC. The thawing effect 
depends on whether the rate of cooling has 
been sufficiently high to induce intracellular 
freezing, or low enough to produce cell 
dehydration. In the former case, fast thaw-
ing is required to prevent recrystallization of 
any intracellular ice present in the spermato-
zoa. Spermatozoa thawed at a fast rate may 
also be exposed for a shorter time to the con-
centrated solute and cryoprotectant glycerol, 
and the restoration of the intracellular and 
extracellular equilibrium is more rapid than 
for slow thawing. Also, leaving semen straws 
at high temperatures for too long a time may 
result in pH fluctuation and, subsequently, 
in protein denaturation and cell death. 
A practical thaw for cattle bull spermatozoa 
packed in a 0.25 ml straw (as recommended 
by most AI organizations), is in a 35°C water 
bath for at least 30 s.

For the cryopreservation of buffalo 
spermatozoa in Tris-based extender, Rao 
et al. (1986) tested two thawing rates (37°C 
for 30 s and 75°C for 9 s). They concluded 
that the best value for post-thaw motility 
was observed in semen thawed at 37° for 
30 s. Dhami et al. (1992) studied the effect of 
thawing rates (40°C for 60 s, 60°C for 15 s 
and 80°C for 5 s) on the post-thaw motility 
of buffalo spermatozoa cryopreserved in 
Tris-based extender. They reported that 
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thawing at 60°C for 15 s yielded a higher 
sperm motility than other rates tested. 
In another study, Dhami et al. (1996) deter-
mined the thawing rates for buffalo semen; 
the rates investigated were 4°C for 5 min, 
40°C for 1 min or 60°C for 15 s. They con-
cluded that thawing of semen at 60°C for 
15 s yielded high post-thawing spermato-
zoal recovery and longevity. In Pakistan, the 
inseminators are advised to thaw buffalo 
semen packed in 0.5 ml straws at 35–37 °C 
for 45–60 s (Anwar et al., 2008).

Semen Evaluation

Motility of spermatozoa

Motility is routinely accessed by visual esti-
mate of the percentage of progressively 
motile cells. A small drop of semen is placed 
on a dry slide maintained at 37°C, and exam-
ined at a magnification of 200× or 400×. The 
introduction of computer aided (also known 
as computer assisted) semen analysis (CASA) 
has enabled those working in the field to use 
new parameters in the assessment of buffalo 
sperm motility (Rasul et al., 2000). In a semen 
sample, there can be variations in the degree 
of progressive movement of cells and in the 
lateral dislocation of sperm heads. The CASA 
system can evaluate parameters such as 
speed, direction and the beat cross fre-
quency of spermatozoa. Fabbrocini et al.

(1996) considered that for forward-moving 
buffalo bull spermatozoa, only those that 
traced five straight tracks and had a mini-
mum velocity of 50 mm/s as shown by CASA 
were of suitable quality, whereas Rasul et al.
(2001), who acquired a digital image at the 
rate of 32 frames/s, judged the minimum 
velocity limit for forward motile buffalo bull 
spermatozoa to be 30 mm/s.

Aguiar et al. (1994) observed 78.6 ± 5.6% 
motile spermatozoa in the semen of buffalo 
bulls. Kumar et al. (1993b) found that in the 
semen of Murrah buffalo bulls bred in India, 
the numbers of motile spermatozoa varied 
from 60.8 ± 1.5% to 69 ± 4%, and the occur-
rence of non-motile samples was about 30%. 
Samo et al. (2005) reported an overall motility 
of 67.64% in Kundhi buffalo in Sindh, 
Pakistan.

Sperm viability

The percentage of live spermatozoa deter-
mines the quality of the ejaculate. Semen 
with more than 30% dead spermatozoa ini-
tially may not be suitable for storage and 
freezing. Differential staining techniques 
have been used for the determination of live 
and dead spermatozoa in buffalo semen 
(Sansone et al., 2000). Data on the ranges of 
sperm viability evaluated in buffalo bull 
semen by different workers are presented in 
Table 14.7.

Table 14.7. Sperm viability and sperm abnormalities evaluated in water buffalo.

Breed type Sperm viability (%) Sperm abnormality (%) Reference

River (Egyptian) 79.60 ± 0.02 15.30 ± 0.10 Fayez et al., 1987
River (Mehsana) 90.32 ± 0.17 8.33 ± 0.25 Bhavsar, 1987
River (Murrah) 88.61 ± 0.43 7.64 ± 0.36 Dhami, 1992
River (Murrah) 84.76 ± 0.70 4.01 ± 0.79 Gill et al., 1974
River (Murrah) 86.57 ± 0.22 12.51 ± 0.11 Kumar et al., 1993b
River (Murrah) 88.61 ± 1.30 8.70 ± 1.10 Sengar and Sharma, 1965
River (Nili-Ravi) – 13.0 Ahmad et al., 1987
River (Nili-Ravi) – 14.7 Heuer et al., 1982
River (Surti) 83.13 ± 0.85 10.55 ± 0.87 Dhami and Kodagali, 1989
Swamp (Malaysian) 86.5 10.3 Jainudeen et al., 1982
Swamp (Thai) – 12.1 Koonjaenak et al., 2007a

Values are either average or mean ± SEM.
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Abnormal spermatozoa

Abnormal spermatozoa are usually detected 
by staining methods and are classified as 
head, midpiece and tail abnormalities. In the 
semen of Nili-Ravi buffalo, most abnormal-
ities were found on the sperm heads (5.78 ± 
2.1%); the occurrence of midpiece abnormal-
ities were less than 1% and that of abnormal 
tails varied from 3.92 ± 1.0% to 5.7 ± 0.4%. 
The occurrence of cytoplasmic droplets was 
less than 1% (Saeed et al., 1990). Similar pro-
portions of abnormalities were observed in 
the semen of Brazilian buffalo (Aguiar et al.,
1994) and Murrah buffalo (Kumar et al.,
1993b); the latter authors suggested that 
males providing semen with over 15–20% of 
abnormal spermatozoa should be examined 
for their fertility. Data on the ranges of occur-
rence of sperm abnormalities evaluated in 
buffalo bulls by different workers are pre-
sented in Table 14.7.

Acrosomal and membrane 
integrity

Acrosome abnormalities are examined 
by using the Giemsa stain technique 
(Ramakrishnan and Ariff, 1994) or fluores-
ceinated lectins (Chachur et al., 1997). More 
than 90% of spermatozoa were observed with 
intact acrosomes in the semen of buffalo bulls 
bred in Bahia (Aguiar et al., 1994) and in the 
semen of Murrah buffalo bulls after Giemsa 
staining (Kumar et al., 1993b).

Recent studies of the plasma membrane 
integrity of buffalo sperm in terms of func-
tion and/or structure have involved the 
hypo-osmotic swelling test (HOST) with 
or without supravital staining (Rasul et al.,
2000; Akhter et al., 2010). HOST relies on 
the physiological phenomenon that func-
tionally membrane-intact sperm will swell 
when placed into a moderately hypo-osmotic 
environment (~190 mOsmol/kg), whereas 
membrane-damaged sperm do not. With the 
application of supravital stains, structurally 
damaged plasma membranes will allow stain-
ing of the underlying structures.

Sperm–oocyte interaction

Assessments of spermatozoa are mainly 
based on the examination of their motility, 
concentration and morphology, although 
these characteristics do not give any reliable 
indication of their fertilizing capability 
(Sansone et al., 2000). Therefore, a method 
based on spermatozoon–egg interaction has 
been used. Di Matteo (1997) developed a 
simple technique to assay the capacity of buf-
falo spermatozoa to bind to the zona pellu-
cida of the oocyte. As buffalo oocytes are 
difficult to obtain, because females of this 
species are slaughtered mostly because of old 
age or illness, bovine oocytes, either pre-
served in saline solution or matured in vitro,
were used. The results showed that for a 
rapid evaluation of fresh or frozen–thawed 
buffalo spermatozoa, saline-stored bovine 
oocytes can be used, and gave similar results 
to buffalo oocytes. Zona-free hamster oocytes 
may be more convenient to obtain and to use 
for functional tests (Ramesha et al., 1993). 
These oocytes permit entry of the spermato-
zoa of many mammals, including buffalo, 
provided that the spermatozoa have com-
pleted capacitation and the acrosomal reac-
tion, and so can be used for assessment of 
their fertilizing capacity (Barnabe et al., 1997).

Sperm DNA damage

Normal sperm genetic material is required for 
successful fertilization, as well as for further 
embryo and fetal development that will result 
in a healthy offspring. Sperm DNA contributes 
half of the offspring’s genomic material, and 
abnormal DNA can lead to disarrangements in 
the productive process. In the post-genomic 
era, the rapid advance of molecular biology 
has resulted in numerous techniques for 
assessing sperm DNA fragmentation in mam-
malian species (Andrabi, 2007b). Of these, the 
assays listed in Table 14.8 have been standard-
ized and used to evaluate the DNA integrity 
of buffalo bull spermatozoa. However, any 
wider use of these molecular techniques in 
buffalo andrology is still limited.
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Introduction

As with other livestock species, reproductive 
examination of the boar can be a valuable 
component in managing reproductive perfor-
mance in a herd. Production strategies in 
today’s swine industry can allow a boar to 
have a measurable impact on herd reproduc-
tive performance. Along with traditional 
examinations being performed on boars with 
suspected sub-fertility or infertility, it has 
become increasingly more common to exam-
ine boars that are entering or are resident in a 
dedicated stud providing extended semen for 
artificial insemination (AI) use.

Boar Selection

With the rapid incorporation of AI into the 
global swine industry over the past two dec-
ades, a more intensive process has evolved 
in the selection of boars for use in such (AI) 
breeding programmes. Along with visual 
assessment and possible performance evalu-
ations, current genetic methodologies incorp-
orating computerized data analysis and 
molecular screening provide the industry 
with objective information for analysing a 

* E-mail: gca@vet.upenn.edu

boar’s genetic merit (Safranski, 2008). Data 
collected on traits of interest and/or individ-
ual performance from groups of individuals 
of similar lineage, from paternal and mater-
nal lines, and from their offspring, are utilized 
to assess a boar as a viable breeding prospect. 
Computational predictive outcomes on an 
individual boar can include estimated breed-
ing value (EBV), expected progeny difference 
(EPD) and best linear unbiased predictors 
(BLUP). Marker assisted selection (MAS) is a 
molecular screening tool that can be employed 
to see whether an individual boar carries a 
particular genetic marker that is associated 
with a desirable or undesirable phenotypic 
trait. Collectively, these data provide produc-
ers with valuable information that will assist 
them in targeting specific improvements in 
their production herds.

In addition to genetic selection, a thor-
ough inquiry into the disease status at the 
boar’s source should be performed, prefer-
ably via a veterinarian-to-veterinarian con-
versation. Supportive diagnostic paperwork 
as part of the source herd’s routine monitor-
ing programme should be made available for 
review. The information obtained through 
this investigation, along with the strict incorp-
oration of disease control strategies for all 
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incoming boars, such as isolation, acclimati-
zation and recovery, will greatly help in mini-
mizing the introduction of infectious disease 
into the herd in which the boar will eventu-
ally reside.

Sexual Development and Puberty

In boars, both testes should be fully des-
cended and present in the scrotum at birth. 
Absence of one or both testicles in the scro-
tum is indicative of cryptorchidism, a herit-
able condition that should preclude further 
consideration of the boar for future use in a 
breeding programme.

Sperm production is directly correlated 
with numbers of Sertoli cells in the testes. The 
proliferation of Sertoli cells in the boar occurs 
postnatally, in two distinct phases. The initial 
proliferation phase starts at birth and con-
tinues through to 1 month of age, with the 
second and final phase occurring at 3–4 months 
of age (França et al., 2000).

Puberty is a temporal phase in a boar’s 
sexual maturation in which distinct anatom-
ical and physiological changes occur. These 
changes are directly under the influence of 
steroid (i.e. androgen) production, which 
originates primarily from the Leydig cells of 
the testis. In the prepubertal boar, there is 
an ill-defined penile sigmoid flexure. This 
results from the presence of a fibrous band 
known as the frenulum, which attaches the 
glans penis to the internal lamina of the 
prepuce and aids retention of the penis 
within the prepuce in the young boar. As 
androgen levels increase, penile growth and 
development of the sigmoid flexure ensue. 
Behaviourally, physical mounting activity 
and penile thrusting commence, and these 
promote the breakdown of the frenulum. 
Testicular synthesis of androgens increases 
from 70 to 170 days of age, with blood 
concentrations markedly increasing after 
200 days of age (França et al., 2000). Puberty 
culminates with the presence of all sperm 
progenitor cells in the testis (Plate 44) and of 
spermatozoa in the ejaculate, which may 
occur in domesticated large breeds as young 
as 4.5 to 6 months of age (Cameron, 1987).

Genotype, environment and manage-
ment all contribute to boar development and 
puberty. Crossbred boars tend to reach sexual 
maturity earlier than purebred boars. Group 
rather than individual housing has been 
found to be beneficial to the boar’s sexual 
development (Hacker et al., 1994). In swine, 
the sexes exhibit differences in growth rates, 
feed utilization and nutrient needs. As such, 
split sex feeding is a successful management 
strategy that is used to optimize development 
of the young boar and gilt. Split sex feeding 
has its best benefit when applied to boars 
after they have reached 45–50 kg body weight.

Assessment

Physical and behavioural examination

The boar should first be visually examined 
while in an enclosed, secure area. Boars are 
normally inquisitive and will thoroughly 
investigate their surroundings. At this time, 
the boar should be assessed for body condi-
tion, symmetry, balance and skeletal conform-
ation as it ambulates freely in the pen. 
Particular attention should be paid at this 
time to current or potential musculoskeletal 
conditions that may interfere with the boar’s 
ability to approach and mount a collection 
dummy or female. Visual acuity in each eye is 
next determined by the investigator extend-
ing a hand from a perpendicular position 
towards the eye to elicit a blink reflex, or to 
elicit animal movement towards or away 
from the extended hand.

The reproductive genitalia (Fig. 15.1) are 
evaluated visually and by digital palpation. 
The non-pendulous scrotum is first examined 
for uniformity of the skin and absence of 
pathological indications. The testes should be 
freely moveable within the scrotum. Palpation 
of the testes should yield a uniformly firm tis-
sue of resilient texture. In boars, the testes 
should be symmetrical and there should be 
less than 0.5 cm in diameter difference 
between them (Clark et al., 2003). Mature 
boars should have a minimum testis size of 
6.5 cm (width) × 10 cm (length). The cranial 
(caput) epididymis and cauda epididymis, 
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located at the ventral and dorsal aspects of 
each testis, respectively, are easily palpable 
and should be assessed. Abnormalities of the 
testis and epididymis are only rarely found 
bilaterally in the boar. The prepuce, including 
the preputial diverticulum, is palpated along 
its length for normality, and examined for any 
abnormalities noted. In the adult boar, the 
external preputial orifice should readily allow 
the insertion of an index finger, providing for 
examination of the preputial cavity and 
diverticulum.

As AI is widely used in the global swine 
industry, most boars will be trained for 
semen collection using a dummy sow. 
Therefore, boars should demonstrate inter-
est in investigating and mounting a station-
ary dummy sow. Field observations suggest 
that the majority of boars successfully 
trained for semen collection will have 
mounted the dummy sow within the first 
four training sessions. If a boar is to be used 
in a natural mating programme (e.g. pen 
breeding or hand mating), he should be 
exposed to several oestrous females in order 
to assess his ability to mount and perform 
intromission. In both cases, assessments can 

be made of both libido and of how well the 
boar ‘works’ the female/dummy sow.

Semen collection

Because of the widespread use of AI in swine, 
a large proportion of boars have been trained 
for semen collection using a collection 
dummy. The boar is introduced into a semen 
collection pen and allowed to freely approach 
the dummy. Within a few minutes, the boar 
will mount the collection dummy, and this is 
soon followed by pelvic thrusting. Good foot-
ing at the base of the collection dummy is 
needed at this point so that the boar main-
tains thrusting and exteriorizes the distal por-
tion of the glans penis.

Semen is collected from boars using the 
gloved hand technique. Some glove materials 
have been found to be spermicidal (Ko et al.,
1993), so the use of gloves that are known to be 
non-spermicidal is required. The semen collec-
tor enters the pen with two gloves on the col-
lecting hand. While the boar is on the collection 
dummy and thrusting, the collector kneels and 
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Fig. 15.1. Anatomy of the boar urogenital tract (modified from Kuster and Althouse, 2007).
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extends the gloved hand underneath the boar 
and massages the sheath. Sheath massage will 
aid in performing a hygienic semen collection 
as it will facilitate evacuation of spermicidal 
preputial fluids, particularly from the prepu-
tial diverticulum, and aid in further exterior-
izing the penis. Once the penis is exteriorized, 
the outer glove is discarded. A semen collec-
tion container (i.e. an insulated thermos or 
Styrofoam cup) is held with the free hand, and 
using the gloved hand, the corkscrew tip of the 
glans penis is grasped and digital pressure 
applied to ‘lock’ the glans within the hand. 
Once adequate digital pressure is applied and 
the penis is locked in the hand, the boar will 
respond positively by fully extending his penis 
and reducing thrusting.

Ejaculation then commences with the ini-
tial pre-sperm fraction, which is usually clear 
and free of sperm. The pre-sperm fraction is 
not collected. Sperm-rich and sperm-poor 
fractions follow, both of which are collected 
into the receptacle. A gel fraction, originating 
from the bulbourethral gland, is normally 
emitted in conjunction with the sperm-poor 
fraction. As this gel fraction is of minimal 
value, it is intentionally separated from the 
fluid portions of the ejaculate by placing a fil-
ter or gauze over the opening of the semen 
collection container. Once ejaculation is com-
pleted, the penis is visually examined for any 
pathology before it is released. The neat 
semen is taken to the laboratory for analysis, 
making sure that it is protected from chemical 
(e.g. water, detergents, alcohol, etc.), tempera-
ture (hot, cold) and ultraviolet light insults.

Although not commonly used, electro-
ejaculation (EE) can be performed in boars 
when it is not possible to obtain an ejaculate 
using the gloved hand technique and a collec-
tion dummy. Boars selected for EE should 
be presented with a history of known libido 
and mating ability. The animals are initially 
placed under general anaesthesia and then 
positioned in lateral recumbency. Using a 
gloved hand, the rectum is evacuated and a 
boar-specific rectal probe inserted (Plate 45). 
The penis is exteriorized from within the pre-
puce using atraumatic dressing forceps (see 
Plate 45). Once exposed, gauze is wrapped 
around the penile shaft to maintain exposure 
during the process and to facilitate visual 

examination. Using an electroejaculator, a pul-
sating current of progressive amplitude and 
frequency is applied through the rectal probe 
until ejaculation commences. The ejaculate is 
collected into a sterile, warmed receptacle for 
protection and transport to the laboratory for 
further examination.

Semen evaluation

Evaluation of a boar ejaculate should include 
assessment of both its physical and cellular 
characteristics. Laboratories should be cogni-
zant of the appropriate handling conditions 
in order to avoid temperature, osmotic and/
or pH shock to the neat semen. Neat semen 
should be held and manipulated at body tem-
perature (~38°C) during evaluation, and all 
equipment and materials that come into con-
tact with the neat semen should be at a simi-
lar temperature.

Physical assessment

The ejaculate should be examined for colour, 
turbidity, odour and viscosity. Normal boar 
ejaculates will be whitish grey to white in col-
our. Samples will be opalescent when held up 
to light. With gentle agitation, mass swirling 
of suspended cells can be easily visualized by 
the naked eye. Neat semen will have a very 
fluid viscosity, similar to aqueous solutions. 
Fresh blood in the boar ejaculate (haemo-
spermia) will colour the semen pink to bright 
red. A yellow or brownish colour to the eja-
culate may be due to a pathological problem 
(i.e. infection, oxidized blood) of the repro-
ductive tract, or to contamination with prepu-
tial fluid or urine. A characteristic odour will 
confirm the latter. Ejaculate volume is deter-
mined by weighing the ejaculate (1 g weight = 
1 ml volume), or by using an isothermal volume 
measuring device. Ejaculate volume can be 
multiplied by sperm concentration to obtain 
the total sperm number in an ejaculate.

Cellular assessment

A basic evaluation of neat semen should 
include a detailed analysis of sperm motility, 
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Table 15.1. Minimum suggested values for neat 
boar semen obtained via gloved hand technique 
from adult from crossbred boars on a 4–7 day 
semen collection schedule.

Semen variable Characteristic/value

Colour Whitish-grey to white
Ejaculate volume (ml) 216 (range 130–500)
Gross sperm motility >75%
Sperm concentration 

(millions/ml)
370 (range 140–735)

Sperm morphology <20% abnormala

Turbidity Opalescent

aIncludes both proximal and distal cytoplasmic droplets.

sperm morphology, sperm concentration and 
calculation of total sperm numbers. Table 15.1 
provides suggested minimum values of neat 
boar semen obtained via the gloved hand 
technique from adult, crossbred boars that 
are on a 4–7 day semen collection schedule.

Motility

Estimations of sample motility should be 
made as soon as possible after semen col-
lection. Accurate assessment of motility is 
performed by a skilled examiner using a 
high-quality microscope with, preferably, 
a heated (38°C) stage. Given the subjective 
nature of this assessment, accuracy is highly 
dependent upon sample preparation, micro-
scope quality, technician experience and nat-
ural ability. To minimize the effects of 
systematic and experimenter error, sample 
preparation and microscopic assessment 
must be standardized. The most common 
technique employed in laboratories is to place 
a 7–10 ml sample of semen on a warmed 
(38°C) microscope slide, overlaid with a cov-
erslip. The loaded slide is focused under a 
microscope at 200× magnification. If appro-
priately prepared, the sample should appear 
as a monolayer of cells, within which the 
motility of individual sperm can be easily 
ascertained. If the sample is too concentrated, 
a subsample can be diluted with equal (v/v) 
parts of semen and a thermo-equivalent iso-
tonic diluent, before placement on the slide 
with a coverslip. At 200× or 400× magnifica-
tion, motility should be estimated to the near-
est 5% by viewing sperm activity in at least 

four different fields on the slide, and taking 
the average of these readings for the final 
motility estimate. From this examination, the 
presence of any spermatogenic progenitor 
cells, leucocytes, erythrocytes and bacteria 
should also be noted.

Morphology

Both wet and dry mount preparations can be 
used for assessing boar sperm morphology 
(i.e. size, shape, appearance characteristics). 
Wet mounts are examined using microscopes 
that provide for their own internal contrast 
(e.g. phase contrast, differential interference 
contrast or DIC). A wet mount is prepared by 
immobilizing a small amount of sample on 
the slide using an isotonic aliphatic aldehyde 
solution, overlaid with a coverslip, and then 
viewed under oil immersion at a minimum of 
1000× magnification.

A variety of contrast stains are commer-
cially available for examining boar sperm 
morphology using dry mounted slides. 
A good contrast stain should accentuate the 
outline of the sperm when using a light 
microscope, thus allowing easier visualiza-
tion and identification of normal and abnor-
mal sperm. To make a stained slide, a small 
volume of sample is mixed with 7–10 ml of 
contrast stain using the edge of a second 
clean slide. In a similar manner to perform-
ing a blood smear, the edge of the second 
slide is used to draw the mixture across the 
slide to produce a thin layer that is air dried. 
The morphology of individual sperm is 
assessed under oil immersion. When using 
both wet and dry mount techniques, a mini-
mum of 100 sperm should be morphologi-
cally assessed and categorized (Kuster et al.,
2004). Typical sperm abnormalities seen in 
boar semen are shown in Figs 15.2 to 15.6 
inclusive. Normal boar ejaculates should 
exhibit less than 20% of abnormal sperm 
(Bach et al., 1982; Althouse, 1998).

Concentration

Sperm concentration in boar semen can be 
determined using a variety of available tech-
niques. If done infrequently, the most eco-
nomical and practical method is with the use 
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of a counting chamber such as a haemocyto-
meter (Althouse et al., 1995). A portion of neat 
semen is diluted one part semen to 200 parts 
of an immobilizing solution. The sample is 
mixed and then a subsample charged on to 

each chamber of the haemocytometer. The 
haemocytometer is then set in a humidified 
chamber and the charged sample allowed to 
settle over a 5 min interval. The haemocyto-
meter is placed under a microscope and the grid 

NAR

SA

PCD

Fig. 15.2. Photomicrograph of ejaculated boar spermatozoa stained with eosin–nigrosin under 1050× 
magnification. NAR, normal apical ridge of acrosome; PCD, abnormal proximal cytoplasmic droplet; 
SA, abnormal swollen or disrupted acrosome.

KA

PCD

Fig. 15.3. Photomicrograph of ejaculated boar spermatozoa stained with eosin–nigrosin under 1050× 
magnification. KA, abnormal, knobbed acrosome; PCD, abnormal proximal cytoplasmic droplet.
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surface brought into focus at 200× or 400× 
magnification. Sperm are then counted in a 
minimum of five large (80 small) squares in 
the central grid. To aid counting, only sperm 

heads touching the top and left lines of each 
large square are included in the count. Sperm 
tails only or tails touching any of the lines are 
not counted. This counting methodology is then 

DCD

DMR

Fig. 15.4. Photomicrograph of ejaculated boar spermatozoa stained with eosin–nigrosin under 1050× 
magnification. DCD, abnormal distal cytoplasmic droplet; DMR, abnormal distal midpiece reflex.

TS

DCD

DT

Fig. 15.5. Photomicrograph of ejaculated boar spermatozoa stained with eosin–nigrosin under 1050× 
magnification. DCD, abnormal distal cytoplasmic droplet; DT, abnormal double tail; TS, abnormal tail 
stump defect.



Applied Andrology in Swine 411

applied to the opposite chamber (or, if only a 
single chamber, the process is repeated), and 
the two counts averaged if they are within 
10% of each other. The average number is then 
inserted into a formula supplied by the cham-
ber distributer at the 1:200 dilution used to 
arrive at an estimate of the number of sperm 
cells/ml of gel-free semen. Appropriate train-
ing and skill are necessary in order to avoid 
systematic and experimenter error when 
using the haemacytometric technique.

In laboratories that perform frequent 
semen assessments, a common method of 
determining sperm concentration is through 
the measurement of sample opacity using 
photometry. With this technique, the number 
of sperm cells and other seminal plasma com-
ponents all contribute to the opacity of a sam-
ple. Neat boar semen is normally too opaque 
for light to be transmitted through it, so a fixed 
dilution of a subsample of the neat semen is 
necessary when obtaining a measurement. 
Accuracy of the photometer in estimating boar 
sperm concentration is dependent upon sev-
eral factors, including species-specific instru-
ment calibration, the correct dilution, readings 

obtained within the equipment’s optimum 
operating range, etc. It is important that manu-
facturer recommendations be followed when 
using a photometer. Using similar methodo-
logies, more advanced photometers are avail-
able that measure sperm concentration using 
fluorescent probes that are excited to emit 
light at distinct wavelengths. The benefit of 
this type of instrument over traditional photo-
metry is that only actual cells are counted. As 
with regular photometry, however, one needs 
to be aware of the need to minimize systematic 
and experimenter’s error in order to obtain an 
accurate reading.

Maturation of the swine industry has 
brought increased implementation of com-
puter automated (also known as computer 
assisted) semen analysis (CASA) systems at 
boar studs. Most CASA systems have the abil-
ity to assess sperm motility and determine 
sperm concentration with good accuracy and 
precision. Some of these systems offer a soft-
ware option that assesses sperm morphology, 
the accuracy of which is currently being inves-
tigated. It should be noted, though, that inat-
tention to sample preparation, slide choice and 

MI

N

AB

CT

Fig. 15.6. Photomicrograph of ejaculated boar spermatozoa stained with eosin–nigrosin under 1050× 
magnification. AB, spermatozoa with abaxial tail attachment (considered normal in the boar); CT, abnormal 
coiled tail; MI, abnormal microcephalic head with distal cytoplasmic droplet; N, morphologically normal 
spermatozoa.
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computer programming can all lead to errone-
ous results (Douglas-Hamilton et al., 2005).

Supplemental semen tests

In certain circumstances, supplemental tests 
of the ejaculate may be warranted to aid in 
identifying a specific sperm dysfunction that 
may have an impact on fecundity or to assist 
in developing an appropriate medical treat-
ment plan. Semen culture is routinely per-
formed if infection of the urogenital tract 
(e.g. of the epididymides or accessory sex 
glands) is suspected. Given the nature of the 
test, the semen collector should give special 
consideration to hygiene and sanitation when 
obtaining a semen sample (Althouse, 2008). 
Both aerobic and anaerobic screening should 
be performed. In species other than the boar, 
biochemical assays may be used to help iden-
tify which accessory sex gland is infected. In 
the boar, regardless of the accessory sex gland 
affected, treatment choice generally remains 
the same, making the routine use of these 
assays of minimal value.

Of the readily available sperm function 
tests, the determination of sperm viability is 
the most common test performed. Sperm via-
bility is easily and accurately determined 
using specific fluorophores with which sperm 
membrane permeability can be assessed in 
concert with multipurpose instrumentation, 
such as CASA, fluorescent photometry and 
flow cytometry. Flow cytometry can also be 
used to screen samples for other sperm vari-
ables, many of which are of an academic 
nature, such as membrane fluidity/capacita-
tion, lipid peroxidation, acrosomal damage, 
early apoptosis, mitochondrial potential and 
DNA damage.

The hypo-osmotic swelling (HOS) test is 
a simple investigation that can be performed 
to assess the water permeability of intact 
sperm cell membranes. The HOS test is con-
sidered to be a vitality screening test, in that 
live spermatozoa should be able to with-
stand moderate hypo-osmotic stress and 
thus exhibit swelling when exposed to a 
hypotonic solution. The test can be of value 
when screening samples that have low motil-
ity sperm or no motile sperm upon initial 
evaluation, and the evaluator does not have 

access to instrumentation with fluorescence 
capabilities to determine sperm viability. 
Briefly, the test is performed by incubating a 
portion of the semen sample in a 150 mOsm 
solution for 30 min at 37°C (Vazquez et al.,
1997). After incubation, a 7–10 ml drop of a 
well-mixed sample is placed on a microscope 
slide overlaid with a coverslip. Samples are 
examined under 400× magnification and a 
minimum of 100 sperm assessed for the pres-
ence of swollen tails (Fig. 15.7), an indicator 
of a sperm with intact membranes.

Sperm-binding assays, such as the sperm 
zona pellucida binding test, can be of value 
in assessing an important step in the fertiliza-
tion process. This detailed in vitro test is per-
formed by incubating capacitated sperm with 
denuded oocytes at 37°C. After a period of 
time, samples are washed to remove non-
bound and loosely bound sperm and then 
chemically fixed before examination under 
microscopy. The results of this test are limited 
to confirming that a boar’s sperm has the ability 
to bind to an oocyte and do not act as a com-
plete predictor of fertility (Collins et al., 2008).

Causes of Reproductive Failure

Infectious causes

Normal spermatogenesis in the boar occurs 
within a defined testicular temperature range 
that is slightly below core body temperature. 
A febrile response frequently occurs in boars 
undergoing an acute infectious disease epi-
sode. Although the febrile response may be 
beneficial to activating the immune system to 
combat infection, an undesirable side effect is 
that the core testis temperature increases and 
spermatogenesis is disrupted. To minimize 
the effects of systemic illness on spermatogen-
esis, appropriate treatment should be imple-
mented quickly and the animal monitored to 
keep core body temperature below 39.5°C. 
Coincidentally, vaccine-induced febrile condi-
tions can also elicit similar results.

A number of infectious agents have been 
associated with reproductive problems in the 
boar and/or appear to play an epidemiolo-
gical role in the transmission of the disease 
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(Althouse and Rossow, 2011). Pathogens that 
have been found to localize within the testis/
epididymis and elicit an inflammatory res-
ponse include the causative agents of bru-
cellosis, Japanese encephalitis and porcine 
rubulavirus/blue eye disease. Several sys-
temic pathogens have also been identified 
that disseminate into the urogenital tract, so 
leading to shedding in the semen; these 
pathogens include the agents of African 
swine fever, Aujeszky’s disease/pseudorabies, 
classical swine fever/hog cholera, chlamy-
diophilosis, foot-and-mouth disease, lepto-
spirosis, porcine circovirus type 2-associated 
disease, porcine reproductive and respiratory 
syndrome and swine vesicular disease. 
Porcine parvovirus, which causes infectious 
infertility, is also included in this category.

Non-infectious causes

Environmental

With the increased use of confinement housing 
to address biosecurity concerns at boar studs, 
the most common environmental insult associ-
ated with boar reproductive failure is exposure 

to high ambient or ‘heat stress’ temperatures. 
At heat stress temperatures, the thermoreg-
ulatory mechanisms of the testis are com-
promised, causing disruptions in sperm cell 
development, differentiation and proliferation. 
Collectively, these events lead to spermiogram 
alterations and reduced fecundity (Wettemann 
et al., 1976; Stone, 1982; Malmgren and Larsson, 
1984). In the boar, possible heat stress events 
can occur starting at temperatures of 27°C 
with greater than 50% relative humidity (RH), 
and is highly probable when ambient temper-
atures exceed 29°C and 50% RH (Fig. 15.8). 
After the onset of a heat stress event, altera-
tions to the spermiogram (i.e. reduced viability, 
low sperm motility, increased abnormal sperm 
morphology, decrease in total sperm numbers) 
first appear approximately 10–14 days post 
exposure, and can remain present for 6-plus 
weeks thereafter. The duration of the altered 
spermiogram may extend beyond a single 
44–47 day spermatogenic/epididymal matu-
ration cycle (Swierstra, 1968) if the length and 
severity of the heat stress insult is prolonged. 
Additional factors that may contribute to elicit-
ing a heat stress event include boar genotype 
(McNitt and First, 1970) and age at time of 
insult (Huang et al., 2010).

HOS (+)

HOS (–)

Fig. 15.7. Boar sperm undergoing a hypo-osmotic swelling (HOS) test. Positive and negative responses 
are shown.
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Producers should make a concerted 
effort to house boars in areas that maintain 
ambient temperatures below 27°C and 60% 
RH. Depending upon a stud’s locale and 
the weather conditions, boar housing envi-
ronmental temperatures may be best control-
led using evaporative cooling cells or an 
HVAC (heating, ventilation and air condi-
tioning) system. Additional measures com-
mon to enhancing conduction and convection 
of body heat from the working boar include 
programmable, thermostatically controlled 
mechanical ventilation (to increase air flow 
velocity across the boar) and whole body 
sprinkler systems.

Boars seem to be tolerant of low (–15 to 
–20°C) ambient temperatures if protected 
from the elements (wind, rain, snow, etc.). In 
confinement operations, ambient tempera-
tures should not be allowed to go below 13°C 
(G.C. Althouse, unpublished). If boars have 
outdoor access, efforts should be made to 
provide for adequate protection from the ele-
ments (by provision of a windbreak, shelter, 
deep bedding, etc.).

Nutrition

As they are omnivores, components utilized 
in the formulation of boar diets can vary 
widely and usually favour feedstuffs that are 

locally available. Because of the importance 
of providing adequate nutrition in order to 
optimize boar productivity, diet cost does not 
tend to be an overwhelming factor when 
formulating a boar diet. An adult boar’s 
nutritional needs are different from those of 
gestating or lactating sows, so a boar-specific 
diet is recommended. A typical ration for 
boars standing at an AI stud will contain 
approximately 3000 ME (metabolizable energy) 
kcal/kg, 16–18% crude protein (0.85% lysine), 
4% fat and 5% fibre (Althouse, 2003; Table 15.2). 
With this type of ration, the boar will need 
to consume 1.5–3.0 kg feed daily with the 
goal of providing adequate nutrition to meet 
the requirements for maintenance and repro-
ductive function. Thermoneutrality for the 
boar is believed to be at 20°C (Kemp 
et al., 1989), so daily amounts of feed need to 
be adjusted to address changes in season/
environmental conditions in order to achieve 
maintenance requirements. In some situa-
tions, diet formulation (i.e. energy density) 
may need to be modified – depending upon 
season – to deliver a balanced diet while 
reducing the total amount of feed provided. 
To assess whether nutritional needs are 
being met in individual animals, the most 
frequently used method is body condition 
scoring. Depending upon genotype and con-
formation, boars should be maintained at a 
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Fig. 15.8. Boar heat index showing chance of a heat stress event based upon ambient temperature and 
relative humidity (reprinted with permission).
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body condition score of 3–4 (on a scale of 1–5). 
Overfeeding and excess body conditioning 
should be avoided as it can lead to foot and 
leg problems, which can have a negative 
impact on boar reproduction (Wilson, 2000).

Because cereal grains contribute sub-
stantially to the make-up of a boar’s diet, 
vigilance in minimizing the chance of myco-
toxicosis is crucial to boar health and normal 
spermatogenesis. Mycotoxicosis is caused by 
the presence of toxic compounds, known as 
mycotoxins, which are produced by fungi or 
moulds that colonize cereal crops. Mycotoxins 
can be produced either pre or post crop har-
vest. Factors that favour mycotoxin forma-
tion include crop stress, weather conditions 
and production practices. Mycotoxicosis in a 
boar is dependent upon the type of myco-
toxin(s) consumed, the amount consumed 
and the duration of exposure. Mycotoxins of 
current concern to boar health include afla-
toxin, ergot, fumonisin, trichothecene toxins 
(e.g. ochratoxin, T-2 toxin), vomitoxin (deoxy-
nivalenol) and zearalenone. Screening of 

source cereal grains for these mycotoxins is 
recommended as a prudent measure.

Boars should have ad libitum access to 
potable water. Limited access to water, or 
access to only poor quality water, can affect 
boar health and productivity. Depending 
upon the region and source, periodic (e.g. at 
least annual) screening may be necessary to 
confirm the potability of the water supplied 
to boars.

Management

Whether in a natural mating or an AI breed-
ing programme, efforts should be made to 
use boar power efficiently. The optimization 
of a particular boar for breeding is depend-
ent upon the available boar power, genotype, 
libido, season, animal age and health. 
Disregarding any of these factors can lead to 
boar overuse or underuse, with a consequent 
negative impact on reproductive perform-
ance. Overuse tends to be the problem that 
most frequently occurs in a breeding pro-
gramme. Within a 2 to 3 week period, boar 
overuse can lead to decreases in total sperm 
numbers, semen quality and subsequent fer-
tility (Swierstra and Dyck, 1976; Hemsworth 
et al., 1983; Cameron, 1987). The negative out-
comes of boar overuse are usually observed 
earlier in an AI boar than a naturally mated 
boar because ejaculate compensability is lost 
with the ejaculate dilution and reduced 
sperm numbers that are used in an insemina-
tion dose.

Additionally, young boars (<8 months 
of age) exposed to overuse conditions early 
in their careers at stud tend to have chronic 

Table 15.3. Suggested semen collection 
frequencies for artificial insemination (AI) boars 
based upon boar age.

Boar age (months)
Semen collection 
frequency

<8 Once every 7–10 days
8–10 Once every 7 days
10–12 Up to three times in a 

14 day period
12+ Up to two times in a 

7 day period

Table 15.2. A typical ration for boars standing 
at an artificial insemination (AI) station 
(Althouse, 2003)a.

Nutrient Typical Range

Calcium (%) 0.92 0.70–1.10
Fat (%) 3.9 2.9–4.67
Fibre (%) 5.0 2.8–7.5
Metabolizable 

energy (kcal/kg)
3,076 2,900–3,267

Protein (%) 16.2 12.0–21.5
Salt (%) 0.45 0.27–0.53
Selenium (ppm) 0.30 0.15–0.30
Total lysine (%) 0.85 0.43–1.30
Total methionine 

+ cysteine (%)
0.49 0.46–0.71

Total 
phosphorus (%)

0.78 0.60–1.04

Vitamin A (IU/kg) 11,000 4,000–12,760
Vitamin D (IU/kg) 1,350 200–2,000
Vitamin E (IU/kg) 56 22–110
Zinc (ppm) 150 50–265

aReprinted with permission from: Althouse GC (2003) 
Management of reproduction in pigs – the boar and 
artificial insemination. In Animal Health and Production 
Compendium 2003 edition. CAB International, 
Wallingford, UK.
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sub-fertility problems, leading to prema-
ture culling from the herd (Leman and 
Rodeffer, 1976). To avoid both boar overuse 
and underuse, appropriate boar power 
needs to be available (G.C. Althouse, unpub-
lished). Under natural mating conditions, a 
male:female ratio of 1:15 to 1:25 should be 

available. For boars used exclusively in AI 
programmes, a male:female ratio of 1:150 to 
1:250 is a desirable target. Table 15.3 pro-
vides data on suggested semen collection 
frequencies based upon boar age at an AI 
stud. At a minimum, boars should be used 
once every 10–14 days.
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Introduction

The reproductive system of the male camelid 
presents several anatomical and physiological 
peculiarities compared with other domestic 
species. Understanding these peculiarities is a 
prerequisite for thorough breeding soundness 
evaluation, male infertility investigation and 
research on sperm biotechnologies of camelids.

The family Camelidae includes six spe-
cies, two Old World Camelids (OWC) and four 
New World Camelids (NWC) (aka South 
American Camelids, SAC). The OWC are 
Camelus dromedarius (the dromedary or single 
humped camel) and C. bactrianus (the Bactrian 
or double-humped camel), which are more 
adapted to the deserts of central Asia, the 
Arabian Peninsula and Africa than to other 
regions. The NWC are represented by two 
domesticated species, the llama (Lama glama)
and the alpaca (Vicugna pacos), and two wild 
species, the guanaco (L. guanacoe) and the 
vicuña (V. vicugna). Each of the domesticated 
species of camelid presents a variety of ‘breeds’ 
or ‘types’ that presents specific production 
characteristics (pack animal versus the pro-
duction of fibre, meat or dairy products, etc). 
Despite great differences in their phenotypic 
appearance, these species share many genetic 

* E-mail: tibary@vetmed.wsu.edu

and biological characteristics. However, beca-
use of the differences in their evolution, they 
have developed slightly different reproductive 
patterns. All species of domesticated camelids 
are considered to be important production ani-
mals in their respective native geographic 
areas. Alpacas and llamas in North American 
and European countries, and racing camels in 
some countries of the Middle East, benefit 
from a high standard of individual veterinary 
medical care owing to their sentimental or eco-
nomic value.

This chapter reviews the major aspects of 
the reproductive anatomy, physiology and 
common abnormalities of the male camelid. 
Breeding soundness examination is empha-
sized, with special reference to semen charac-
teristics and factors that may affect its quality. 
The chapter is largely inspired by previous 
complete reviews by the authors (Tibary and 
Vaughan, 2006; Tibary et al., 2007; Tibary, 
2008), to which the reader is referred for more 
complete references.

Anatomy of the Reproductive Tract

The male reproductive organs have been 
well described for the llama, alpaca 
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(Collazos, 1972; Delhon and Lawzewitsch, 
1987, 1994; Tibary and Anouassi, 1997a; 
Fowler, 1998), guanaco and vicuña (Delhon 
et al., 1983; Urquieta and Rojas, 1990; 
Urquieta et al., 1994), as well as the drom-
edary (El-Wishy, 1988; Tibary and Anouassi, 
1997a) and Bactrian camel (Tibary and 
Anouassi, 1997a).

Scrotum and testicles

The mechanism and chronology of tes -
ticular descent remains unstudied in the 
Camelidae. In most males, the testes are 
present in the scrotum at birth, but they 
are usually soft and difficult to palpate. 
According to some authors, testicular 
descent is not complete until the second or 
third year of life in the dromedary and 
Bactrian camel.

The scrotum is non-pendulous and situ-
ated high in the perineal region at the level of 
the ischial arch. The testicles are relatively 
small compared with those of other domestic 
livestock and are directed caudo-dorsally 
(Tibary and Vaughan, 2006; Tibary et al.,
2007). Season does not seem to affect the size 
of the testes and scrotum in llamas and 
alpacas. In the vicuña, testicular size is greater 
in the summer than in the winter (Urquieta 
et al., 1994). There is great seasonal variation 
in testicular size in the dromedary and 
Bactrian camel.

Testicular size

Testicular size is an important parameter in 
the evaluation of the breeding potential of 
males and can be used to predict daily sperm 
production.

South American camelid testicles are 
ovoid and exhibit age-related size variation 
(Table 16.1). In adult llamas, the length, width 
and depth are respectively 5–7, 2.5–3.5 and 
3–4 cm (Fowler, 1998). In the alpaca, the length 
and width of the testes are 4–5 and 2.5–3, cm 
respectively. In the vicuña, longitudinal and 
transverse testes diameters are, respectively, 
3.3 and 1.69 cm in summer and 2.64 and 
1.50 cm in winter (Urquieta and Rojas, 1990; 
Urquieta et al., 1994). The average individual 
testicular weight recorded in 3.5-year-old 
llamas (average body weight of 133 kg) is 24 g 
(Johnson, 1989).

In the dromedary, reported testicular 
dimensions vary greatly according to dif-
ferent studies. This variation is probably 
due to the effect of age, sexual activity and 
even the ‘breed’ or strain of camels studied. 
In India, the long axis and diameter of 
the dromedary testes range respectively from 
6 to 13 cm and 3 to 6 cm. Smaller values 
were reported for dromedaries in Egypt. 
The mean testicular length and width are 
respectively 9.3 ± 0.7 and 4.5 ± 0.4 cm in the 
rainy season and 9.5 ± 0.6 and 4.5 ± 0.5 cm 
in the dry season in Nigeria (Djang et al.,
1988). The mean scrotal circumference repor-
ted for 197 dromedaries was 32.4 ± 2.4 cm 

Table 16.1. Mean (range) of testicular size (length × width) and weight in alpacas, llamas and vicuñas. 
Adapted from Sumar, 1983; Fowler, 1998; and Bravo et al., 2002.

Age (months)/
Sires (source)

Alpaca (n = 158) Llama (n = 54) Vicuña (n = 6)

Size (cm) Weight (g) Size (cm) Weight (g) Size (cm)

6 1.0 × 0.4 0.6 2.4 × 1.4 – 0.7 × 0.3
12 2.3 × 1.5 2.9 3.4 × 2.3 5.1 1.1 × 0.7
18 2.8 × 1.9 6.6 3.5 × 2.6 14 1.5 × 0.8
24 3.3 × 2.2 9.9 3.9 × 2.3 17.4 2.1 × 1.3
30 3.6 × 2.3 13.9 4.4 × 2.5 17.8 –
36 3.6 × 2.4 13.6 4.5 × 2.7 18.2 2.5 × 1.4
Sires (Fowler 

et al., 1998)
3.7 × 2.4 17.2 5.4 × 3.3 – 3.3 × 1.9

Sires (Sumar, 
1983)

4.0 (3.2–4.8) × 
2.6 (1.9–3.2)

17.7 (13.5–28.0) – – –
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and this was positively correlated with age. 
As a general rule, the average testicular 
length, width and depth are 9.1, 5.1 and 
4.3 cm, and the average weight is 92 g for 
male dromedaries 3 years of age and older. 
In contrast to domestic NWC, camels 
exhibit a large seasonal variation in testicu-
lar size (Tibary and Anouassi, 1997a,c; 
Tibary et al., 2007). Reference ranges for 
testicular length, depth and breadth have 
recently been determined for Egyptian drome-
daries of various age groups (Table 16.2) 
(Derar et al., 2012).

Reported testicular weights in adult 
dromedaries show large variations (32–225 g) 
(Tingari et al., 1984; Tibary and Anouassi, 
1997a). These variations may be due to type 
of dromedary, season and nutritional condi-
tions (Akingbemi and Aire, 1991).

Testicular size during the breeding sea-
son (usually the coolest or rainy months of 
the year) is 150 to 200% of that recorded out-
side the breeding season (during the hottest 
or driest months of the year) (Tibary and 
Anouassi, 1997a,c). In a study in India, the 
effect of season on the weight of the testicle 
was more pronounced in dromedaries 
between 9 and 14 years of age than in drome-
daries younger than 9 or older than 14 years. 
The maximum weight of the testicle was 
observed during the period December to 
March (36–225 g) compared with the periods 
of April to July (32–181 g) and August to 
November (32–191 g). Season also has a 
marked effect on the consistency of the testis. 
During the breeding season, dromedary testi-
cles are usually turgid but they become soft 
during the period of sexual rest. There is a 
need for further characterization of testicular 
descent and testicular growth in various 
breeds of camel.

Testicular histology

The histomorphology of the camelid testis 
is similar to that of other domestic live-
stock (Flores, 1970; Delhon and Lawzewitsch, 
1987). The diameter of the seminiferous 
tubules varies from 174 to 240 mm (Tibary and 
Anouassi, 1997a).

In the camel, the interstitial tissue occupies 
a larger area than the seminiferous tubules, 
particularly during the winter months, and 
seems to be the major factor in the seasonal 
variation of testicular size and weight. The 
increased amount of interstitial tissue observed 
during the breeding season is due to an 
increase in the number and volume of Leydig 
cells (Tibary and Anouassi, 1997b).

The outer diameter of the seminiferous 
tubules in adult dromedaries varies accord-
ing to the study and has been found to be 
in the range of 113 to 250mm. This variability 
could reflect an effect of the type of drome-
dary studied and/or the effect of age and 
season. The diameter of the seminiferous 
tubules is greatest during the breeding season 
(Tibary and Anouassi, 1997a). Early studies in 
the dromedary indicated a complete arrest of 
spermatogenic activity during the summer 
season. However, later studies showed the 
presence of spermatogenesis throughout the 
year (Tibary et al., 2007).

Blood is supplied to the testicle primarily 
via the testicular artery. Along its trajectory, 
the testicular artery gives off several branches 
that supply blood successively to the testicu-
lar cord envelopes, the epididymis and the 
testicular parenchyma. The most distinct fea-
tures of the artery during its trajectory are its 
enlargement as it approaches the testis and 
the distribution of its branches. The epididy-
mal branch arises from the upper part of the 
vascular cone (the pampiniform plexus) and 

Table 16.2. Mean ± SEM of testicular length, depth and breadth (width, cm) in Egyptian dromedaries 
measured by calipers (Derar et al., 2012).

Age (years)

Left testicle Right testicle

Length Width Depth Length Width Depth

1.5–3 3.7 ± 0.3 2.1 ± 0.2 1.6 ± 0.2 3.7 ± 0.3 1.9 ± 0.2 1.5 ± 0.2
4–6 6.6 ± 0.2 2.9 ± 0.1 2.6 ± 0.2 6.3 ± 0.2 2.8 ± 0.1 2.4 ± 0.2
7–12 7.8 ± 0.5 3.7 ± 0.1 3.2 ± 0.1 7.7 ± 0.5 3.5 ± 0.1 3.0 ± 0.1
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runs along the body of the epididymis, which 
it supplies before dividing into several 
branches at the level of the cauda epididymis, 
which anastomose with the deferential artery 
(artery of ductus deferens). The head of the 
epididymis is supplied by branches of the tes-
ticular artery given off at the level of the pam-
piniform plexus.

Epididymis

The epididymis is composed of three distinct 
parts: the caput (head), corpus (body) and 
cauda (tail), as illustrated by Plates 46 and 47, 
which show a dromedary testicle and epi-
didymis. The epididymis faces laterally along 
the dorsal border of the testis, with the head 
curving around the cranial pole of the testis. 
It is adherent to the cranial surface (caput) 
and both poles of the respective testis, and 
allows the corpus epididymis to form a sinus 
with the testis situated externally. In llamas, 
all three parts of the epididymis can be palpated, 
although in most instances only the small tail 
of the epididymis is easily palpable dorsal 
to the testis. In the dromedary, the cauda 
epididymis is round and well protruded – 
about 3–4 cm above the respective extremity 
of the testis. The total weight of the epididy-
mis is approximately 10–40 g, and the weight 
ratio between the testis and the epididymis 
varies from 3:1 to 6:1. (Tibary and Anouassi, 
1997a; Tibary et al., 2007).

Histological and histochemical studies on 
llamas defined six segments of the epididymis 
(Delhon and Lawzewitsch, 1994). These regional 
differences represent different secretory func-
tions that may play a role in the process of 
sperm maturation (Delhon and Lawzewitsch, 
1994). On the basis of histological appearance, 
the dromedary epididymis is divided, into three 
segments: initial, middle and terminal. The mid-
dle segment is further divided into proximal, 
intermediate and distal parts.

Ductus deferens

In the llama, the ductus deferens is 1 mm in 
diameter at the junction of the epididymis. 

It widens to 2 mm in the abdominal cavity 
towards the pelvic urethra (ampulla). The 
length of the ductus deferens is about 40 cm 
(Smith et al., 1994).

In the dromedary, the ductus deferens 
enters the abdominal cavity via the medial 
angle of the inguinal canal then turns cau-
dally in the genital fold, where it becomes 
straight and thick, forming the ampulla; it 
then passes deep into the prostate and opens 
directly into the colliculus seminalis via an 
ostium ejaculatorium (ejaculatory orifice) 
(Tibary and Anouassi, 1997a).

Prepuce and penis

The prepuce is located in the inguinal region. 
It is flattened from side to side and triangular 
in shape when viewed laterally. The prepuce 
adheres to the glans penis until 2 or 3 years 
of age, making exteriorization of the penis 
impossible in young males. In the absence 
of sexual stimulation, the small preputial ori-
fice (ostium praeputiale) is directed caudally. 
The prepuce has a well-developed muscular 
apparatus, consisting of the cranial, the lat-
eral and the caudal preputial muscles. These 
muscles allow movement of the preputial ori-
fice cranially during erection and mating 
behaviour (Tibary and Anouassi, 1997c; 
Fowler, 1998).

In the dromedary, the preputial skin is 
usually darker in colour than that in the rest 
of the body. It is covered with short fine hair 
and presents two nipples on either side of the 
base of the prepuce, near its caudal border. 
In males that are used intensively for breed-
ing, a callus may develop at the lower part 
of the cranial curvature. The average length 
of the base, cranial and caudal borders is 28.0, 
17.5 and 19.7 cm, respectively (Tibary and 
Anouassi, 1997a).

The camelid penis is fibroelastic. In the 
absence of erection, the penis is retracted into 
its sheath via a pre-scrotal sigmoid flexure. 
The length of the penis ranges from 35 to 
45 cm in llamas and alpacas, and from 59 to 
68 cm in camels. The penis is cylindrical, 
gradually decreasing in diameter from its 
root at the ischial arch (1.2–2 cm in the llama; 
2.2 cm in the dromedary) to the neck of the 
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glans penis (collum glandis, preputial reflec-
tion), which is 0.8–1 cm in diameter in the 
llama and 0.4–1 cm in the dromedary) (Tibary 
and Anouassi, 1997a; Fowler, 1998).

The glans penis is long (9–12 cm) and the 
distal tip consists of a cartilaginous process 
that has a slight clockwise curvature (Plate 48). 
The end of the urethra is located at the base 
of the cartilaginous process, not at the tip. The 
curved nature of the cartilaginous process of 
the camelid penis allows both penetration of 
the cervical rings, through combined rota-
tional and thrusting movements, and the 
intrauterine deposition of semen. The retrac-
tor penis muscles (Musculus retractor penis) 
continue on the ventral aspect of the penis 
and are attached to the ventral convexity of 
the sigmoid flexure of the penis. There is a 
dorsal urethral diverticulum at the level of 
the pelvic symphysis that prevents passage of 
a catheter into the bladder (Tibary and 
Anouassi, 1997a; Fowler, 1998).

Accessory sex glands

The most notable feature in the anatomy 
of the internal genitalia of camelids is the 
absence of seminal vesicles (Tibary and 
Anouassi, 1997a). The prostate is usually 
described as a small H-shaped gland firmly 
attached to the dorsolateral aspect of the pel-
vic urethra near the trigone of the bladder. Its 
ventral aspect is slightly concave. Numerous 
prostatic ducts direct the secretion of this 
gland directly into the colliculus seminalis. 
The length, width and height of the prostate 
are respectively 3, 3 and 2 cm in the llama 
and 3, 2 and 2 cm in the alpaca.

The two bulbourethral glands are spheri-
cal to ovoid and located on the dorsolateral 
aspect of the pelvic urethra, above and just 
cranial to the ischial arch. The bulbourethral 
gland diameter is 1.5 to 2 cm in the llama 
and 0.8 to 1.5 cm in the alpaca (Tibary and 
Vaughan, 2006).

In the dromedary, the size and weight of 
all glands vary significantly and tend to reach 
a maximum at 10.5 to 15 years of age. During 
the breeding season, the average weights of 
the ampullae, prostate and bulbourethral 
glands are respectively 3.0, 12.0 and 3.6 g for 

animals between 4.5 and 6 years of age, and 
4.2, 16.1 and 4.9 g for males aged 10.5 to 
15 years. Size and weight of the accessory sex 
glands show a large seasonal variation. 
Maximum gland weight is recorded during 
the breeding season (winter and spring) and 
the minimum values are recorded during 
summer (Tibary and Anouassi, 1997a,b).

The poll glands of the dromedary 
and Bactrian camel

One of the most noticeable anatomical char-
acteristics related to reproduction in camels 
is the presence of modified sweat glands 
called poll glands (Taha et al., 1994). In the 
adult, they are oval and slightly elevated 
skin areas situated about 5 cm below the 
apex of the head, on the back of the poll, on 
each side of midline (Plate 49). The poll 
glands are identified as two dark spots, espe-
cially during the rutting season. This colour 
is due to oxidation of their secretions, which 
increase in amount during the rutting sea-
son. Activity of the poll glands is highly sea-
sonal and closely follows testicular activity 
(Tibary and Anouassi, 1997b).

Reproductive Physiology

Puberty and sexual maturation

Studies on puberty in the male camelid are 
scarce. Reported age at puberty is variable 
and may reflect genetic, nutritional and cli-
matic changes, as well as the effect of season 
of birth. Male llamas and alpacas can display 
mounting behaviour at a young age (<1 year) 
(Sumar, 1985). However, complete erection 
and intromission is only possible when the 
penis is completely freed from its preputial 
attachments. The process of preputial detach-
ment usually begins at the age of 12–13 months 
and coincides with an increase in plasma tes-
tosterone concentration (Bravo and Johnson, 
1994). Plasma testosterone concentrations in 
11-month-old alpaca males are similar to 
those found in adult males (Losno and Coyo-
tupa, 1979). In llamas, plasma testosterone is 
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<90 pg/ml from birth until 20 months old, 
and then increases to more than 1000 pg/ml. 
Preputial adhesions are lost in up to 10% of 
males by 1 year of age, in 70% of males by 
2 years and in all males by 3 years of age, 
which corresponds to the recommended age 
for breeding (Sumar, 1996; Tibary and 
Vaughan, 2006). The variation in age at which 
penile preputial attachments are lost may be 
partially explained by plane of nutrition as 
there is a correlation between body size and 
mean testicular length, although the wide vari-
ation in testicular size at any one age or body 
size suggests that other factors, probably 
genetic, are also important (Galloway, 2000).

Appearance of a lumen in the seminifer-
ous tubules and the presence of spermatozoa 
were reported respectively at 12 months and 
15–18 months of age in the alpaca (Montalvo 
et al., 1979). Other authors have reported 
that sperm production starts as early as 
10–12 months of age in a few male alpacas 
and llamas, and is usually present by the age 
1.5–2 years (Smith et al., 1994). Testicular 
growth in these species is slow and maximum 
size is not reached until 3 years of age (Bravo 
and Johnson, 1994). The male llama is not 
mature until 2.5–3 years of age but pregnan-
cies have resulted from younger males 
(Johnson, 1989). Alpacas reach sexual matu-
rity at 5 years of age, which corresponds to a 
body weight of 62.5 kg. The testicles at this 
age should be at least 4–5 cm in length and 
2.5–3 cm in width (Sumar, 1996).

In the wild, guanaco and vicuña males 
may reach puberty at an early age, but they 
live in a bachelor group until they reach matu-
rity between 4 and 6 years of age. At this point, 
they start seeking a harem and become territo-
rial. In a study of two animals, the testes of a 
16-month-old vicuña male were aspermato-
genic, whereas those of 2-year-old male were 
producing spermatozoa (Koford, 1957).

The age at puberty in the dromedary, is 
poorly defined. Display of sexual behaviour 
has been reported as early as 2 years of age, 
but field observations by the authors suggest 
that sperm production and fertilizing ability 
are not achieved until 3–4 years of age for 
this camel (Rahim, 1997). Indian dromedar-
ies seem to be slower in reaching puberty 
than their Arabian or African counterparts 

(Khan and Kohli, 1972; Sharma, 1981; Tibary 
and Anouassi, 1997b; Al-Qarawi et al., 2001; 
Tibary et al., 2005, 2007).

In the traditional management of drom -
edary herds, males are not used for breeding 
until 5–6 years of age (Abdel Raouf et al.,
1975; Azouz et al., 1992). This allows maxi-
mum fertility as both sperm production and 
interstitial tissue (Leydig cell) activity reach a 
plateau at 6 years old, which corresponds to 
the age of sexual maturity according to most 
authors. Normal sexual activity continues 
until 20 years old, when some males begin 
to show signs of senile changes in their sex-
ual behaviour or sperm production. In the 
authors’ experience, breeding males have 
been successfully used up to 25–28 years of 
age (Tibary and Anouassi, 1997b).

In the Bactrian camel, puberty is believed 
to occur around 4 years of age, though some 
males may enter breeding activity as early as 
3 years old (Chen et al., 1980). Sexual maturity 
is reached at an age similar to that observed 
in the dromedary (5–6 years) and then 
declines after 15 years of age, although 
some males continue to breed until they are 
20 years old (Chen et al., 1980).

Seasonality

The seasonality of reproductive activity in 
male camels is widely accepted based on 
several behavioural and endocrinological 
studies, as well as on the basis of reproduc-
tive patterns in the wild (Novoa, 1970; 
Mukasa-Mugerwa, 1981). Given the wide 
geographical distribution of the dromedary, 
the breeding season is highly variable but, 
in general, it coincides with the period of 
lower temperature, lower humidity and 
increased rainfall (Table 16.3) (Gombe and 
Oduor-Okelo, 1977; Marie, 1987; Tibary 
et al., 2007). Seasonality in the male is evi-
denced by changes in sexual behaviour, 
morphology and function of the genital and 
associated organs, and endocrinological 
profiles (Bedrak et al., 1983; Frieländer et al.,
1984; Marie, 1987; Azouz et al., 1992; Deen 
et al., 2005; Zia ur et al., 2007; Deen, 2008; 
Riaz et al., 2011).
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Seasonality is more pronounced in the 
Bactrian camel, with the rutting season lasting 
throughout the winter months and into early 
spring. Dominant males demonstrate repro-
ductive activity earlier than young or subor-
dinate males. Individual variations exist, and 
each male can exhibit breeding activity lasting 
from 50 to 100 days (Chen et al., 1980).

Spermatogenesis and 
sperm production

Spermatogenesis is similar to that described 
for other species (Tibary and Anouassi, 
1997b). The cycle of the seminiferous tubule 
epithelium in dromedary camels and llamas 
consists of eight stages. Some differences 
exist between the two species in the percent-
age frequencies of cells representing each 
stage. In the dromedary, the most frequent 
stages of the seminiferous tubule epithe-
lium cycle are stage 1 (22%) followed by 
stage 8 (16.4%), whereas in the llama, the 
most frequent cellular association is that 
of stage 8 (19%) followed by stage 3 (18%). 
The least frequent cellular association is 
that of stage 4 (8.2%) in the dromedary and 
stage 5 (5.8%) the llama. Stages 1–4 repre-
sent 54% of all the cellular associations in 

both species (Delhon and Lawzewitsch, 
1987; Bustos-Obregon et al., 1997).

The llama epididymis presents six dif-
ferent segments based on histological and 
histochemical characteristics. Three of these 
segments are located in the head of the epi-
didymis (I, II, III), two are located in the 
body (IV and V), and the sixth includes 
the distal part of the body and the tail of the 
epididymis. The major differences among 
these segments are the height of the epithe-
lial cells, the positive intraepithelial periodic 
acid-Schiff reaction (PAS), alkaline phos-
phatase activity (ALP) and lactate dehydro-
genase activity (LDH).

Segment I represents a short region 
where efferent ductules enter the epididymal 
duct. Segments II and III are characterized by 
high epithelial cell mitotic activity and weak 
LDH activity. The epithelial lining increases 
in height from 50 mm in Segment I to 60–140 mm
in Segment II, and then decreases progres-
sively to reach an average of 67, 65, 35 and 27mm
for Segments III, IV, V and VI, respectively. 
Epithelial cells in Segment IV contain amylase 
and PAS-positive and neuraminidase-resistant 
secretory granules. Segment V is characterized 
by strong ALP and LDH activities. Segment VI 
is characterized by moderate ALP and high 
LDH activities, and is highly packed with 

Table 16.3. Reported breeding season in camels (Camelus spp.) by country.

Species Country Breeding season

C. dromedarius Egypt March to April
March to May

India Mid-September to mid-February
November to February
October to March

Israel January to April
Kenya November–May 

(with peak in rainy seasons November–December, March–May)
Morocco December to May
Nigeria Wet season
Pakistan December to March
Saudi Arabia November to July

November to February
Somalia October to March
Sudan October to March
Tunisia November to April
Turkmenistan Mid-January to the end of May

C. bactrianus China Mid-December to mid-April
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spermatozoa. The PAS reaction is absent in all 
but Segment IV and is weak in Segment VI. 
ALP activity is present in the proximal part of 
Segment V and, to a lesser extent, in the distal 
part of Segment V and in Segment VI (Delhon 
and Lawzewitsch, 1994).

Epididymal transit of camelid sperm is 
associated with a shift in the position of the 
cytoplasmic droplet of the sperm, which, in 
the llama, becomes distal but remains present 
in more than 60% of the spermatozoa in the 
terminal segment. The cytoplasmic droplet is 
lost when each spermatozoon reaches the 
ductus deferens (Delhon and Lawzewitsch, 
1994). There is a decrease in the percentage of 
abnormal spermatozoa (bent midpiece and 
tail) during epididymal transit.

Sperm production is correlated with 
testicular size in SAC (Table 16.4). Mean 
testicular length is also correlated with tes-
ticular weight and may be used as a simple 
means of assessing testicular size in alpacas 
(Galloway, 2000).

Spermatogenesis occurs throughout the 
year in all camelids and shows wide seasonal 
variation. Sperm production is affected by 
geographical location (including nutritional, 
climatic and other environmental factors), 
herd management, extent of domestication 
and social structure of the camelid group 
(El-Wishy, 1988; Tibary and Vaughan, 2006).

In South America, the size of testicles in 
the male vicuña is affected by season and is 
greater in summer than in winter (Urquieta 
and Rojas, 1990; Urquieta et al., 1994). 
Spermatogenesis is not completely arrested 
during winter because all germ cell types are 

Table 16.4. Development of testicular function in 
alpacas with testicles of different sizes (Galloway, 
2000).

Mean
testicular
length (cm)

Proportion 
of males (%)

% Testicular tissue 
producing elongated 

spermatids

<3 100 0
3–4 68 <10

31 30–60
>4 36 <10

31 10–60
31 >60

still observed at this time. The larger testicu-
lar size in summer has been attributed mainly 
to the increase in diameter of the seminifer-
ous tubules and Leydig cells.

In the male vicuña, individual testos -
terone values tend to be higher in summer, 
but some high values have also been noted 
in winter (Urquieta et al., 1994). Seasonal 
changes in plasma testosterone concentra-
tions have also been reported in male alpacas; 
samples collected in late summer had the 
highest monthly mean values, whereas those 
collected in winter had the lowest (Losno and 
Coyotupa, 1979). The higher plasma testos-
terone levels in vicuñas in summer are prob-
ably responsible for the behavioural changes 
observed in males during this period of the 
year. High levels of testosterone are consist-
ently found in dominant males and young 
males that are trying to recruit their own 
harem (Urquieta et al., 1994). Outside their 
normal habitat, llamas show a strong effect of 
season on sperm production, with low pro-
duction in the summer (Gauly, 1997).

While many authors have not found 
any seasonal effects on spermatogenesis in 
the dromedary (Singh and Bharadwaj, 1978; 
Osman et al., 1979), others have reported 
reduced spermatogenic activity during the 
non-breeding season (Abdel Raouf et al.,
1975). A steady drop of spermatogenic activ-
ity was observed in Egyptian dromedaries 
in the summer, manifested by an increasing 
number of exfoliated cells, increasing num-
ber and size of cytoplasmic vacuoles, and a 
decrease in sperm content. Spermatogenetic 
activity was at its lowest rate from June to 
August, and then increased in September, 
reaching a peak by November to January 
(Tingari et al., 1984). Activity fell in March, 
and decreased steadily from April onwards. 
Presumably, camels living south of the equa-
tor would exhibit activity in different months, 
although in a similar climatic season (Tingari 
et al., 1984).

The average daily sperm production in 
the dromedary was estimated at 0.751 × 109

for mature camels (8–10 years old; Ismail, 
1982). The average gonadal sperm reserve 
and daily sperm production per gram of 
testicular parenchyma were estimated at 
1.7–3.4 × 109 and 30.0–61 × 106, respectively 
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(Osman and El Azab, 1974; El Wishy and 
Omar, 1975; Ismail, 1982, 1988). This is a low 
sperm production rate compared with other 
species. The sperm production rate is at its 
highest during the breeding season (Osman 
and El Azab, 1974; Abdel Raouf et al., 1975; 
Ismail, 1982; Tingari et al., 1984; Osman and 
Plöen, 1986; Tibary et al., 2007). Morphometric 
studies showed that testicular volume, weight 
of the testis, average diameter of Sertoli cells, 
volume of the intertubular compartment, rela-
tive and total volume and numbers of Leydig 
per testis, and percentage interstitial tissue in 
the parenchyma of the testis, were significantly 
higher during the winter and spring seasons 
(Riaz et al., 2011). Sperm reserve increases with 
age until 10 years old and then remains con-
stant until 15 years old (Abdel Raouf et al.,
1975; Ismail, 1982). A decrease in sperm pro-
duction is noticed starting at 20 years old.

The epididymal sperm reserve of the 
dromedary averages 2.3 to 6.1 × 109 sperm-
atozoa. Half to two thirds of this reserve is 
located in the body of the epididymis, with 
the head and tail contributing only 5.2–12.3 
and 21–36%, respectively. The reported rela-
tive distribution of epididymal sperm differs 
according to the study (Akingbemi and Aire, 
1991; Tibary and Anouassi, 1997b).

Epididymal transit and 
sperm maturation

Epididymal sperm transit is poorly studied 
in SAC. In the llama, as already noted, 
epididymal transit causes a shift in the posi-
tion of the cytoplasmic droplet, which 
becomes distal. However, droplets were pre-
sent in more than 60% of the spermatozoa in 
the terminal segment of the epididymis and 
were not completely lost until spermatozoa 
reached the ductus deferens (Delhon and 
Lawzewitsch, 1994).

In the dromedary, sperm transport through 
the epididymis lasts on average 4.3 days 
(0.22 days in the head, 2.5 days in the body 
and 1.5 days in the tail) (Ismail, 1982, 1988). 
The fertilizing capacity of the dromedary 
sperm is acquired during the transit in the 
head and body of the epididymis, which lasts 
about 2.9 days (Ismail, 1982). Morphological 

changes of the spermatozoa were observed as 
the spermatozoa moved through the epi-
didymis, signifying a maturation process 
(Osman and Plöen, 1986). The dromedary 
contrasts with other domestic species in that 
a high number of epididymal spermatozoa 
are morphologically abnormal. The migra-
tion of the cytoplasmic droplet is slow and 
a large proportion of spermatozoa in the 
tail of the epididymis still have such a droplet 
(Osman and Plöen, 1986).

Mating Behaviour and Ejaculation

All male camelids display the flehmen 
response after smelling freshly excreted urine 
and faeces of the female. The head is lifted, 
the upper lip is elevated without curling and 
the mouth is opened slightly (Tibary and 
Anouassi, 1997b; Tibary, 2003). When intro-
duced into a female herd, the male will chase 
a sexually receptive female and try to force 
her down by mounting her and putting pres-
sure on her pelvis (llamas and alpacas) or 
neck (camels). Some males may protrude the 
penis and display rotation of the glans as they 
are attempting to mount. Erection and copu-
lation occur with the female sitting in sternal 
recumbency. The penis is fully extended after 
successful vaginal penetration (Tibary and 
Anouassi, 1997b; Tibary, 2003).

Mating behaviour in South American 
Camelids (SAC)

During copulation, llamas and alpacas pro-
duce a low guttural sound known as ‘orgling’. 
This sound is produced as air is expired 
through the mouth while the cheeks are 
inflated. Males can display all aspects of copu-
latory behaviour without achieving intromis-
sion (Fernandez-Baca, 1970).

The duration of copulation is variable, 
averaging 20–25 min and ranging from a few 
minutes to more than an hour (Table 16.5). 
There is no correlation between copulation 
time and conception rate (Vaughan, 2001). 
Factors affecting the length of copulation are 
species and breed, age of male and female, 
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sire, season, frequency of mating and pres-
ence of other males (Bravo et al., 1997c). 
Duration of copulation tends to be shorter for 
younger males and decreases in all males 
with increased frequency of mating (Vaughan, 
2001; Vaughan et al., 2003a,b; Tibary and 
Vaughan, 2006). Length of copulation is 
longer for multiparous females (21.5 min) 
than for maiden females (14.7 min). Also, 
when several males are present in the same 
herd, copulation is shorter than when no 
other males are present (8 versus 21.5 min) 
(Smith et al., 1994).

During paddock mating, a male may 
attempt to breed with the same female sev-
eral times until she ovulates and becomes 
sexually non-receptive. Male llamas with 
good libido can breed with up to 18 females 
in a day for the first 4 to 5 days after introduc-
tion into a group of sexually receptive 
females. Mating activity decreases sharply 
after the first 2 weeks, when males lose inter-
est in all females. Some 70% of the breeding 
takes place in these first days, with a preg-
nancy rate of 50% achieved by the end of the 
mating period (Sumar, 1985). It has been rec-
ommended to change males every 2 weeks so 
that all females can be bred during a short 
interval of time (Sumar, 1985) or to alternate 
paddock mating (5 days) and male rest (2 days) 
to keep male libido high and allow accurate 
determination of the parentage of offspring. 
In alpacas, length of copulation and fertility 
are negatively affected when the number of 
matings per male increases to more than four 
times a day (Bravo and Johnson, 1994).

Alpaca males exhibit different sexual 
behaviour patterns if they are maintained 
with females all year round from when they 
are run in separate flocks. In the former case, 
they show distinct seasonal variations in 
activity. In the latter case, they show continuous 

libido and breeding capability, serving 
females whenever they have an opportunity 
(Fernandez-Baca et al., 1972); higher plasma 
testosterone levels have been found in this 
situation (Losno and Coyotupa, 1979), 
although no related changes in fertility rate 
have been reported (Urquieta et al., 1994). 
Aggressive behaviour towards other males 
has been observed, culminating in a direct 
confrontation with biting, and also chest ram-
ming, which can lead to serious injuries, 
especially if the canine teeth are well devel-
oped (Tibary, 2003).

Ejaculation in camelids appears to occur 
throughout the entire duration of copulation 
(Tibary and Anouassi, 1997b; Tibary and 
Vaughan, 2006). Sperm is present in the ejacu-
late of alpacas within 5 min of the initiation of 
copulation (Fernandez-Baca, 1970; Kubicek, 
1974; Lichtenwalner et al., 1996a). In the llama, 
urethral pulses increase in frequency 4 min 
after the start of copulation and occur in clus-
ters every minute. Each cluster lasts 20 s and 
is composed of four to five rapid urethral 
pulses followed by a tremor of the whole 
body. Each cluster is preceded by two reposi-
tions and 38 pelvic thrusts. The urethral 
pulses accompanying the whole body tremor 
are considered to be a single ejaculation 
(Lichtenwalner et al., 1996a, 1997). Thus, ejac-
ulation in the llama starts approximately 
4 min after the beginning of copulation and 
occurs every minute (18 to 19 ejaculations/
22 min). These observations (multiple ejacula-
tion and tremors during ejaculation) have 
been confirmed by the pattern of ejaculation 
observed during semen collection using an 
artificial vagina (Lichtenwalner et al., 1996a,b, 
1997). Semen is deposited deep in the uterine 
horns and most likely at the papilla of the 
utero-tubal junction (Bravo et al., 2002; Tibary 
and Vaughan, 2006). Intrauterine deposition 

Table 16.5. Mating duration in camelids.

Species Mean (min) Range (min) Significant factors

Camelus bactrianus 12.2 1–20 Breed, mating frequency
Camelus dromedarius 5.5 1–22 Sire, age, season, breed, mating 

frequency, nutrition
Lama glama 20 5–65 Sire, age, mating frequency, female age
Vicugna pacos 25 5–50 Sire, age, mating frequency, female age
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of semen helps to compensate for a low sperm 
concentration and plays a major role in induc-
tion of ovulation.

Rutting behaviour in Old World 
Camelids (OWC)

The onset of the breeding season is accompa-
nied by an increased aggressiveness of the 
male dromedary towards other animals in the 
herd (especially other males) and sometimes 
even towards people. Confined males show 
increased pacing and anxiety, and attempts to 
break out of the corral or pen are common. 
During the breeding season, male dromed-
aries spend most of their time guarding the 
herd and surveying for any strange male or 
female in heat. Because of this continuous 
stress, a net reduction of food intake and 
increased digestive transit (stress diarrhoea) 
are observed, and males tend to lose weight 
(up to 35%) during the breeding season, 
sometimes to the point of emaciation (Tibary 
and Anouassi, 1997b). Aggressive behaviour 
during the breeding season has also been 
described in the Bactrian camel (Chen et al.,
1980). In a free-roaming herd, dominant 
males chase each other and engage in fight-
ing, which can lead to serious biting injuries.

Sexual behaviour in the dromedary 
camel is characterized by frequent exteriori-
zation of the soft palate (also called dulaa or 
dulla) (Plate 50) and marking (Tibary and 
Anouassi, 1997b). The protrusion of the dulla 
occurs at an interval of 5 to 30 min and is 
accompanied by a loud gurgling/roaring 
sound. Protrusion of the soft palate becomes 
more frequent with increased stimulation 
(presence of another male or females). Some 
dromedaries do not exhibit complete exteri-
orization of the soft palate, but instead only a 
mere flapping; these are usually older ani-
mals or males that have had their soft palate 
removed surgically during their racing 
careers. Bactrian camels do not exteriorize the 
soft palate to the same extent as dromedaries 
during their sexual behaviour, but both 
Bactrian camels and dromedaries display 
more saliva production and frothing than 
usual (Plate 51).

Marking takes two major forms: (i) urine 
spraying; and (ii) smudging of the poll 
gland secretions. Plate 52 shows a male 
dromedary rubbing poll gland secretions 
on to the ground. Both types of marking 
behaviour have also been described in the 
Bactrian camel (Chen et al., 1980; Tibary and 
Anouassi, 1997b).

Male dromedaries and Bactrian camels 
frequently produce a metallic sound by 
grinding the molars via lateral movements 
of the lower jaw. This sound can be pro-
duced any time, but usually replaces the 
gurgling and ejection of the soft palate during 
copulation.

As already noted for camelids in gen-
eral, copulation is completed with the female 
sitting in the sternal position. The duration 
of copulation in dromedaries is variable 
(Table 16.5) (Abdel Rahim and El-Nazier, 1992; 
Agarwal et al., 1995). Among factors affecting 
the length of copulation are breed, age, sire, 
season and frequency of mating (Tibary and 
Anouassi, 1997b; Tibary et al., 2005). The 
duration of copulation tends to be shorter at 
the beginning of the breeding season and in 
younger males. The copulation time decreases 
as weather becomes warmer and the end of 
the breeding season approaches. Bactrian 
camels exhibit similar copulation behaviour. 
According to one study, copulation time is 
limited to 1–6 min in 86% of the matings, but 
can be as long as 10 min (Chen et al., 1980).

The dromedary displays multiple distinct 
periods of pelvic thrusting, gluteal muscle 
contractions and semen discharge during cop-
ulation. Contractions of the ischiocavernous, 
bulbospongious and urethralis muscles sur-
rounding the pelvic urethra may be correlated 
with ejaculation. Ejaculation starts within a 
couple of minutes of intromission and contin-
ues throughout the copulation period.

Breeding Soundness Examination

Studies on the pathology of the male camelid 
reproductive tract are scarce (Tibary and 
Anouassi, 1997d, 2002; Tibary et al., 2001). 
A comprehensive study on abnormalities in 
alpacas examined 3015 breeding males and 
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792 male reproductive tracts at post-mortem 
(Sumar, 1983). The incidence of pathological 
conditions in breeding alpacas was 18.2% 
(testicular hypoplasia 10%, cryptorchidism 
5.7% and ectopic testes 2.5%). In slaughter-
house material, the incidence of abnormalities 
was 30.2% (hypoplasia 10.8%, cryptorchidism 
3%, ectopic testes 1.9%, testicular cysts 14.5%) 
(Sumar, 1983).

Male breeding soundness examination 
(BSE) is an important part of the evaluation of 
herd infertility and decision making in the 
selection or purchase of a herd sire (Tibary 
and Anouassi, 1997c). Most often, the evalua-
tion of males for infertility is attempted only 
if a gross abnormality is seen or after a long 
period of unsuccessful matings occurs, which 
limits the ability of the clinician to reach a 
diagnosis in time to prevent economic loss. 
Examination of the male should be con-
ducted methodically to avoid oversight of 
any problems that may affect reproductive 
performance. A standard for BSE is yet to be 
determined for camelids. Male evaluation 
should include: identification of the animal, 
health and reproductive history, a detailed 
description of the reason(s) for examination, 
general health examination, special examina-
tion of the genital system and an evaluation 
of mating ability. A complete blood count and 
serum biochemistry panel should be per-
formed on all males recently introduced to 
the farm. New males generally represent one 
of the most common biosecurity breaches in 
a camelid operation, and it is highly recom-
mended to test for contagious diseases upon 
purchase. Importantly, the BSE should also 
include an evaluation of semen character-
istics. Accordingly, an account of both semen 
collection and seminal characteristics is inclu-
ded in this section.

History and physical examination

The history taken should include identifica-
tion and age of the animal, origin and type of 
management, breeding record, previous 
health problems and reason for examination. 
The type of management relates mainly to the 
description of the herd (size, number of 
females and males) and housing (paddocks, 
individual stalls or pens). Breeding history 
should include information on breeding man-
agement – whether free mating or hand mat-
ing (when the male is handled with a lead 
and brought to the female), breeding fre-
quency and conception rate. Diseases of sys-
tems other than the genital tract can seriously 
affect reproductive performance of the male. 
For example, lesions of the musculoskeletal 
system can impair the physical ability of the 
male to copulate, and poor conformation or 
weakness of the hind legs may compromise 
mounting ability. A prolonged febrile condi-
tion or debilitating diseases can also affect 
spermatogenesis. In order to identify such 
underlying conditions, the examiner should 
take a complete health history, including pre-
vious illnesses, vaccination record and recent 
treatments.

For alpacas and llamas, special consid-
eration should be given to congenital and 
possibly inherited disorders (Table 16.6) 
(Tibary et al., 2011a).

Evaluation and disorders of 
the penis and prepuce

Extreme caution should be taken when 
examining the rutting male camel. Sedation 
is often required for thorough examination 
of the external genitalia. A more thorough 

Table 16.6. Common congenital abnormalities in alpacas and llamas that may have a genetic base.

System Type of abnormality

Musculoskeletal Hernias, angular limb deformities, polydactyly, syndactyly, crooked tail, choanal 
atresia, campylognathia (wry face), cleft palate, dwarfism, jaw misalignments

Reproductive Segmental aplasia of reproductive organs, epididymal cysts, gonadal hypoplasia, 
testicular cysts, failure to induce ovulation, persistent frenulum

Senses Cataract, blue eyes (deafness), nasolacrimal duct aplasia, gopher ears
Viscera Atresia ani, atresia coli, ventricular septal defect
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examination of the penis and prepuce in 
adult camels requires general anaesthesia 
or pudendal nerve block (Ahmed et al., 2011).

Examination of the prepuce in llamas 
and alpacas may require restraint in lateral 
recumbency because the genital area is often 
masked by the fleece. Sedation may be 
required in order to exteriorize the penis or 
for detailed examination of an abnormally 
pendulous prepuce, the presence of oedema, 
laceration or preputial mucosa prolapse. 
Penile attachment to the prepuce is normal in 
young, prepubertal animals, but can signal 
the presence of adhesions or persistent frenu-
lum in the mature male. The penis should be 
completely free at 3 years of age. The most 
common lesions observed on the penis are 
lacerations, pustules or abrasions. The glans 
penis should be examined for signs of inflam-
mation due to traumatic balanitis or the pres-
ence of hair rings. Urolithiasis is a common 
problem and should be suspected in the case 
of dysuria.

Preputial swelling

Preputial swelling is due to local inflamma-
tion caused by contact with chemical or 
physical irritants, parasitic infestation, or 
rupture of the urethra. The condition may 
also be part of a large plaque of ventral 
oedema in some animals suffering from heat 
stress or other disease processes that result in 
hypoproteinaemia. If the preputial swelling 
is due to urethral rupture, the urine accumu-
lated in the subcutaneous space should be 
drained and a urethrostomy performed 
(Tibary et al., 2008).

In the dromedary, preputial swelling can 
be due to local inflammation caused by con-
tact with chemical or physical irritants, para-
site (tick) infestation or rupture of the urethra 
(Bishnoi and Gahlot, 2004). The authors have 
also observed a case of preputial swelling in a 
dromedary after breeding overuse. Preputial 
swelling can also be part of a large plaque of 
ventral oedema in some animals suffering 
from acute trypanosomiasis.

Preputial injuries in the dromedary are often 
associated with tight girth straps in riding or 
working animals, and can cause severe slough -
ing of the tissue and protrusion of the penis.

Preputial prolapse

Preputial prolapse may be a complication of 
masturbation behaviour or trauma, and may 
require replacement of the penis into the 
sheath and the insertion of stay sutures (Lane, 
1999; Tibary, 2003; Tibary et al., 2008).

Paraphimosis

Paraphimosis, in which the camelid is unable 
to retract the protruded penis, is seen in ani-
mals with an accumulation of dirt in the 
preputial opening and may lead to balanopos-
thitis and necrosis of the tip of the penis. In 
the llama, paraphimosis and balanoposthitis 
(swelling of the head of the penis) may be 
due to the presence of ‘hair rings’ usually 
acquired secondarily to entanglement in 
fibre of the female during mating (Tibary and 
Vaughan, 2006).

Cleaning and replacement of the pro-
lapsed tip of the penis into the prepuce may 
require sedation of the animal and application 
of an ointment containing antibiotics and anti-
inflammatories (such as commercial bovine 
mastitis medications). Systemic antibiotic and 
anti-inflammatory treatment may result in 
recovery within a week. Surgical debride-
ment, urethrostomy and amputation of the 
penis may be required if severe adhesions and 
gangrene develop (Tibary et al., 2008).

Phimosis

Phimosis (in which the camelid is unable to 
protrude its penis out of the preputial sheath) 
in post-pubertal animals may be due to a con-
genitally small preputial opening or to the 
presence of lesions (abscesses, nodules) that 
prevent exteriorization of the penis during 
copulation. In such cases, surgical correction 
by enlargement of the preputial orifice may 
be attempted. Balanoposthitis and phimosis 
are common in males that display overt mas-
turbation behaviour (breeding the ground or 
other objects).

Phimosis may also be a complication of 
preputial abscessation or adhesions as a 
result of traumatic injuries (Plate 53). These 
lesions may often be complicated by dysuria, 
or by urethral/bladder rupture resulting in 
uraemia and death (Tibary et al., 2008).
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Urolithiasis

Urolithiasis has been reported in male 
camelids by several authors (Kingston and 
Stäempfli, 1995; Gutierrez et al., 2002, 2008; 
Tibary et al., 2008). Most of the calculi that are 
found in the condition have been identified in 
the distal urethra or at the level of the sigmoid 
flexure. Affected animals initially show signs 
of intermittent colic, which become more 
frequent and are accompanied by lethargy 
and anorexia as the condition progresses. 
Deterioration of the animal usually signals 
rupture of the bladder and peritonitis. Relief 
of the condition can be attempted via urethral 
catheterization. However, this is not always 
possible, especially in young alpacas and lla-
mas, because of the penile preputial attach-
ment that prevents exteriorization of the 
penis. In cases where catheterization is not 
possible, a urethrostomy should be per-
formed. Recurrence of obstruction is very 
common, even after urethrostomy. Urolithia-
sis can be prevented by better nutritional 
management (a well-balanced ration, salt 
supplementation and access to fresh water), 
assuming that the aetiopathogenesis of the 
condition is similar to that seen in sheep.

In the dromedary, urethral obstruction is 
frequently associated with intra-urethral adhe-
sions resulting from chronic urethritis or cal-
culi, or from mechanical compression of the 
urethra with a tight girth strap in working 
camels. A retrospective study of 35 cases 
showed that 75% of the cases had extensive 
necrosis of the urethral mucosa associated 
with total blockage of urine flow by calculi or a 
muco-cellular mass. Symptoms of uraemia 
will develop if this condition is not relieved by 
urethrostomy within 3 days. Immediate relief 
of the condition is obtained by drainage of 
urine from the subcutaneous tissue using two 
small incisions (5 cm) made on each side of the 
prepuce after epidural anaesthesia. This drain-
age is followed by a urethrostomy (Tibary and 
Anouassi, 1997d; Tibary et al., 2008).

Examination and disorders of the testes

Examination of the testicles and epididymis 
includes inspection, palpation, measurement 

and ultrasonography of the scrotum and its 
contents. This examination can be completed 
on the restrained male in the standing or sit-
ting position. This facilitates manipulation of 
the organs, especially in animals suspected of 
having cryptorchidism, hypoplasia or hydro-
cele. In some cases, if the male is aggressive or 
the scrotum is very sensitive, sedation may be 
required.

Testes should be present within the scro-
tum at birth and visible in males by 2 years 
old. In older males, the scrotum may some-
times be pendulous with a longer neck. One 
of the testicles may be slightly more ventral 
than the other, but they are nearly equal in 
size. Absence of visible testicles in the scro-
tum may be due to severe testicular degener-
ation, ectopic testicles or cryptorchidism.

The scrotal skin is thin and smooth, but can 
become thick and folded in the case of severe 
testicular degeneration. It should be examined 
for bite wounds (by other males) or evidence 
of external parasite infestation (mange – caused 
by mites, tick infestation). On palpation, the 
normal testes are smooth, firm and resilient. 
The testicles become hard and fibrotic or very 
soft as a result of degenerative changes. The 
scrotal sac should be free from fluid.

Size of the testis can be evaluated by 
measuring its length and width (see Tables 16.1 
and 16.2). However, it is important to note 
that accuracy of these measurements will 
be affected by operator, technique of meas-
urement, body condition and age of the 
animal, season and pathological conditions 
(i.e. orchitis, haematoma, hypoplasia or dege-
nerative atrophy).

Ultrasonography is an important diag-
nostic technique for the evaluation of the tes-
ticular parenchyma as well as the surrounding 
tissues. In llamas and alpacas, it is preferable 
to conduct this examination using a 7.5 or 
8 MHz transducer fitted with a stand-off pad 
in order to avoid artefacts. In camels, a 5 MHz 
linear transducer is sufficient. The normal 
testis shows a peripheral area of homoge-
nous tissue corresponding to the testicular 
parenchyma and a central echogenic area 
corresponding to the fibrous mediastinum 
testis. The epididymis is small and not easily 
visualized by ultrasonography (Tibary and 
Anouassi, 1997c, 2000). Accumulation of fluid 
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in the vaginal cavity (hydrocele) is observed 
frequently and with varying degrees of inten-
sity in heat-stressed camelids. Testicular 
ultrasonography allows more precise meas-
urement of the testicles than do external cali-
pers (Bott et al., 2008). Attempts to use 
Doppler ultrasonography to evaluate blood 
flow to the testicles have been made, but the 
technique is not used routinely in practice.

Testicular biopsy is indicated in cases of 
unexplained infertility or sub-fertility, tes-
ticular asymmetry and abnormal testicular 
ultrasonography not consistent with haema-
toma or orchitis. This technique is useful 
for the diagnosis of spermatogenic arrest, 
oligospermatogenesis, hypogonadism, inflam-
mation and neoplasia (Tibary, 2001, 2004; 
Tibary and Vaughan, 2006). Four techniques 
have been proposed and tested for testi-
cular biopsy in camelids: (i) wedge biopsy; 
(ii) fine-needle aspirate (Stelletta et al., 2011); 
(iii) Trucut® needle or split-needle spring-
loaded biopsy; and (iv) needle ‘core’ biopsy 
(Johnson and Schultheiss, 1994; Heath et al.,
2002; Tibary, 2004). Fine-needle aspirates are 
sometimes difficult to interpret (Plates 56 
and 57). Trucut® or split-needle spring-loaded 
biopsy instruments have been found to be 
safe and result in minimal damage to the tes-
ticular parenchyma. They also provide a satis-
factory amount of tissue for examination of 
the spermatogenic activity of the seminiferous 
tubule when a 14 gauge needle is used (Tibary, 
2001; Heath et al., 2002; Waheed et al., 2011).

Scrotal skin lesions

The most common lesions found on the scro-
tum are traumatic or parasitic inflammation. 
Scrotal trauma due to bites from other males 
is also common. Prognosis for reproductive 
soundness of the individual male depends on 
the extent of the injury and the time elapsed 
until detection. Differential diagnoses include 
orchitis, heat stress and hydrocele. Deep lac-
erations are frequently complicated by testicu-
lar haemorrhage, infection and development 
of scirrhous cord. These cases require urgent 
surgical intervention (castration). As already 
mentioned, parasite infestations commonly 
seen in this anatomical region are mange 
(mite) and tick infestations.

Testicular hypoplasia

Testicular hypoplasia is commonly seen in 
SAC. Its incidence is estimated at 10% and it 
may be unilateral or bilateral, as well as total 
or partial. The left testis seems to be more 
affected than the right in bilateral cases 
(Sumar, 1983). Histology of the testicular 
parenchyma shows absence of or small semi-
niferous tubules with absence of spermato-
genesis (Tibary, 2004; Waheed et al., 2011). It is 
suspected that testicular hypoplasia is an 
inherited trait in camelids; therefore, affected 
males should be removed from the breeding 
programme.

Cryptorchidism

Cryptorchidism is relatively rare in camels 
(El-Hariri and Deeb, 1979; Garcia Pereira 
et al., 2004). In alpacas, an abattoir study 
found an incidence of 3% unilateral crypt-
orchidism (58.3% left testis and 41.7% right 
testis) in 792 animals (Sumar, 1983). Crypt-
orchidism was also reported in related vicuñas 
(three cases in a population of 60 individu-
als), which suggests that the condition may 
be hereditary (Rietschel, 1990). Bilateral crypt-
orchidism has been described in a Sry-
negative XX, sex-reversal case in a llama with 
multiple congenital abnormalities (Drew 
et al., 1999). Monorchism – true absence of one 
testicle – has also been reported in a few 
alpacas, and is accompanied by absence of 
the ipsilateral kidney (Sumar, 1989). Methods 
of diagnosis include history, clinical evalua-
tion and testosterone response after injection 
of human chorionic gonadotrophin (hCG; 
3000 IU IV for llamas and 6000 IU for camels) 
(Perkins et al., 1996; Tibary et al., 2011b). 
All cases of cryptorchidism seen by the 
authors have been intra-abdominal. The 
retained testicle may be visualized by transab-
dominal ultrasonography in the inguinal 
area. Cryptorchidectomy may be performed 
via a parainguinal laparotomy approach or a 
laparoscopy-assisted technique (Garcia Pereira 
et al., 2004).

Ectopic testicles

Abnormal location of the testicles has been 
seen by the authors in llamas and alpacas but 
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not in camels. An incidence of 1.9% in alpacas 
has been reported, with the left testicle 
being affected 73.3% of the time (Sumar, 
1983) (Plate 54). These males are preferably 
removed from the breeding pool.

Testicular cysts (rete testis cysts)

Testicular cysts have been described by the 
authors (Tibary, 2001; Tibary et al., 2001; 
Tibary and Vaughan, 2006) (Plate 55). Cystic 
dilation within the rete testis can be visual-
ized by ultrasonography. These cysts may 
affect the mediastinum testis and interstitial 
tissue of the testicle only. The exact aetio-
pathogenesis of these cysts is not known but 
they could be due to disturbed lymphatic 
drainage. Other cysts may be caused by 
blocked efferent ductules (Bott et al., 2010; 
Tibary et al., 2011c).

Hydrocele

Hydrocele is the collection of fluid between 
the visceral and the parietal layers of the tunica 
vaginalis. It can be due to inflammatory or 
non-inflammatory disturbances of scrotal/
testicular drainage. The scrotal sacs become 
pendulous and increase in size. The scrotum is 
not painful and the testes are usually freely 
palpable, as well as the fluid, which can be iso-
lated in one area. Diagnosis is easily performed 
by visualization of the fluid in the scrotal sac 
using ultrasonography. The nature of the fluid 
varies from anechoic (clear serous fluid) to 
slightly echoic. This condition is frequently 
seen in hot weather and tends to resolve 
progressively with decreasing ambient tem-
perature. Hydrocele can develop following 
obstruction of the normal blood flow in the 
spermatic cord. A case of hydrocele in a llama 
was attributed to the presence of an abscess at 
the level of the external inguinal ring. Long-
standing hydrocele affects the thermoregula-
tion of the testes and can decrease the quality 
and quantity of semen (Tibary and Anouassi, 
1997d; Tibary and Vaughan, 2006).

Orchitis

Orchitis is relatively rare but may occur 
following septicaemia or penetrating wou-
nds. A case of unilateral orchitis due to 

Streptococcus equi subsp. zooepidemicus was 
reported in an alpaca (Aubry et al., 2000). 
Systemic antimicrobial treatment may be 
attempted but is not always successful. 
Castration of the affected testicle in valu-
able males may increase the chance of sal-
vaging the non-affected testicle and the 
reproductive life of the animal. In the male 
dromedary, orchitis has been associated with 
brucellosis (Ahmed and Nada, 1993; Tibary 
and Anouassi, 1997d; Tibary et al., 2005).

Testicular degeneration

Testicular degeneration is probably the most 
common cause of acquired infertility due to 
testicular pathology (Ahmed and Nada, 1993; 
Tibary et al., 2005). It may result from severe 
heat stress, trauma or chronic inflammation 
of the testes and/or scrotum or secondary to 
severe or chronic systemic disease, fever, tox-
ins, nutritional or hormonal imbalance, or 
stress. In camels, testicular degeneration has 
been presumed to be associated with 
Trypanosoma evansi infection (Al-Qarawi and 
El-Belely, 2004). The degenerated testicles are 
smaller than normal and either soft or hard 
and fibrous. Testicular degeneration leads to 
deterioration of semen quality (azoospermia, 
oligozoospermia and teratozoospermia) and 
with deterioration of the seminiferous epithe-
lium (Plate 58).

Testicular neoplasia

Tumours of the testes are rare. The most com-
monly reported neoplasm is the seminoma 
(Tibary and Vaughan, 2006; Birincioǧlu et al.,
2008). An interstitial cell tumour has been 
described in a cryptorchid testis in the drom-
edary (El-Hariri and Deeb, 1979).

Abnormalities of the epididymis

There are few reports on abnormalities of the 
epididymis in camelids. The prevalence of 
epididymitis in camels seems to be higher 
and associated with Brucella spp. seropositiv-
ity (Ahmed and Nada, 1993). Epididymal 
cysts have been reported in the llama (Fowler, 
1998) and alpaca (Sumar, 1983; Tibary, 2001; 
Gray et al., 2007). In alpacas, cystic structures 
were found in 14.5% of slaughtered animals, 
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mainly on the anterior aspect of the head of 
the epididymis and near the ventral border 
of the testis. The majority of these cysts were 
1–5 mm in diameter, although in one case 
the cyst was 50 mm wide (Plate 59). Bilateral 
epididymal aplasia has been diagnosed by 
the authors in two alpacas and a llama. ALP 
concentration of the ejaculate is not a reliable 
indicator of bilateral epididymal blockage in 
camelids (Pearson et al., 2013).

Evaluation of the accessory 
sex glands

Evaluation of the accessory sex glands is 
sometimes required and is limited to ultraso-
nography of the prostate and bulbourethral 
glands (Sánchez and Correa, 1995). There are 
no published reports of accessory sex gland 
disorders. A syndrome of stranguria (diffi-
culty in urination) and enlargement of the 
prostate and bulbourethral glands has been 
seen by the authors in juvenile males around 
the time of puberty. These males seem to 
recover within a few weeks.

Evaluation of mating ability

Mating ability of the male is best observed in 
the presence of a receptive female. During 
this evaluation the succession of the normal 
behavioural pattern is recorded, as well as the 
times needed for each step: vocalization, 
chasing, forcing down, mounting, intromis-
sion and duration of copulation. Behavioural 
problems during mating can be due to shy-
ness, inexperience or lack of libido.

Mating behaviour includes several steps 
that need to be observed closely. Camelid 
males display the flehmen response by 
investigating the female perineal area or its 
dung pile. Following this, the male proceeds 
to chase the female, and attempts to mount 
her in the standing position. Receptive 
females will respond to mounting attempts 
by assuming a sternal sitting position for 
copulation.

Sexual behaviour in the male camelid is 
poorly studied, particularly when it comes 

to resolving libido problems. Lack of sexual 
interest can be strictly behavioural (such as 
in the case of a young inexperienced animal) 
or functional (hormonal deficiencies or sys-
temic diseases). In young animals, inhibi-
tion of group play may reduce the ability of 
animals to learn normal sexual behaviour. 
Show animals may have a slower onset of 
normal sexual behaviour too. Young males 
may be too shy to perform, particularly in a 
clinic setting. The rules of thumb are to give 
some time to young animals and introduce 
them slowly to breeding in order to learn, 
and to act quickly on proven males if they 
lose interest.

In proven adult males, deterioration of 
libido is mainly due to systemic diseases 
such as infections, musculoskeletal disease, 
or poor general health and body condition. 
Males that are housed continuously with 
females may also lose some of their sexual 
interest in them. Loss of libido may be 
noticed in animals suffering from heat stress. 
Decreased libido has also been observed 
in males suffering from megaesophagus as 
orgling is inhibited. Copulation difficulties 
and rectal prolapse may be seen in large obese 
camels.

During copulation, the penis has to 
penetrate through the cervix and deposit 
semen deep into the uterine horns. Erection 
failure in young males may be due to insuf-
ficient development (lack of penile–prepu-
tial detachment). All males should be able to 
exteriorize the penis by 3 years of age. Penile 
exteriorization or erection failure may be 
due to congenital abnormalities such as per-
sistent frenulum, short penis, or abnormal 
function of the retractor muscle penis. 
Acquired conditions that lead to failure of 
exteriorization of the penis are preputial sten-
osis or penile–preputial adhesions. These 
conditions are often due to severe inflam-
mation resulting from trauma (male breed-
ing objects on the ground, injuries inflicted 
by other males or preputial prolapse) 
(Tibary et al., 2008). Erection failure has been 
observed in two males following a neuro-
logical syndrome due to infection with 
Paraphostrongylus tenuis (meningeal worm) 
(Tibary and Anouassi, 2002; Tibary and 
Vaughan, 2006).
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Semen collection and seminal 
characteristics

Semen collection

The collection of semen from camelids 
presents many difficulties owing to the 
nature of their copulatory behaviour and 
the slow (dribbling) process of ejaculation. 
The main techniques used in practice are the 
artificial vagina, electroejaculation or post-
coital aspiration from a female (Pacheco 
Curie, 2008).

ARTIFICIAL VAGINA. Successful collection of 
semen using an artificial vagina (AV) has 
been reported in alpacas (Vaughan et al.,
2003a), llamas (Ferré and Werkmeister, 1996; 
Lichtenwalner et al., 1996b) and camels 
(Tibary and Anouassi, 1997c). Semen can be 
collected using a dummy mount fitted with 
the collection apparatus or by holding an AV 
next to a receptive female. The dummy is 
made of a wooden or plastic frame covered 
with an alpaca hide (Garnica et al., 1993; 
Bravo et al., 1997a; Vaughan et al., 2003a). 
Males are trained to serve the AV-fitted 
dummy by using a receptive female as a 
stimulus (Garnica et al., 1993; Vaughan et al.,
2003a). The AV used in the alpaca is made of 
a PVC pipe or rubber hose (25 cm long and 
7 cm in diameter) fitted with an inner lining 
with annular constrictions (an electrical cord 
coiled in a 2.5 cm band, or cylindrical foam 
rubber) to simulate the cervical rings and 
encourage ejaculation (Bravo et al., 1997b). 
The outer chamber of the AV is filled with 
warm water, kept at 45°C during ejaculation, 
and attached to the dorsal and lateral walls of 
the dummy (Garnica et al., 1993; Ferré and 
Werkmeister, 1996).

An improvement in the technique of 
semen collection by AV has been reported in 
llamas (Lichtenwalner et al., 1996a). A sheep 
AV fitted with a non-spermicidal liner and 
cone is held at a 30° angle by an adjus-
table stand inside a half-dummy mount 
made of fibreglass. A constant temperature 
(38.3–40.0°C) and pressure (60–80 mm Hg) 
inside the AV is maintained by a continuous 
flow of warm water using a peristaltic 
pump. Semen collection is conducted on a 

platform, thus allowing the system to be 
periodically checked from underneath. The 
half dummy is placed behind a receptive 
female in such a way that the male can see 
and smell her during the entire length of 
collection. Semen collection (i.e. the pres-
ence of spermatozoa) was successful in 87% 
of the attempts made using this technique. 
In the llamas tested, the average duration 
of the collection of semen with spermatozoa 
in the ejaculate was 31.7 ± 12 min; for 
semen without spermatozoa, the average 
duration of collection was 37.1 ± 12.2 min 
(Lichtenwalner et al., 1996a,b, 1997). In 
alpacas, the average collection time was 
21.6 min (Bravo et al., 1997a).

In camels, a modified bovine AV is used 
for semen collection. The modification con-
sists of shortening the length of the outer 
hard shell and the simulation of cervical 
rings on the protruding part of the inner 
liner using a coil. The artificial vagina may 
be held by the operator to the side of a 
mount female or placed in between her hocks 
(Tibary and Anouassi, 1997c). Recently, sys-
tems such as that described for the llama 
have also been utilized for camels (Al-Eknah 
et al., 2001).

ELECTROEJACULATION. Electroejaculation (EE), 
using a ram probe, has been accomplished 
under various degrees of sedation or anaes-
thesia in llamas (Graham et al., 1978; Merlian 
et al., 1986), alpacas (Fernandez-Baca and 
Calderón, 1966) and vicuñas (Fernandez-Baca 
and Novoa, 1969). Response to the electrical 
stimulus varies among males. Erection is pos-
sible during EE in the llama but failure to 
obtain an ejaculate or obtaining only a few 
spermatozoa is common (Merlian et al., 1986). 
Camelids take a longer time to produce an 
ejaculate by EE than do ruminants, and there-
fore stimulation should be done with extreme 
care, starting with a very low voltage until 
erection is achieved.

Recent improvements in equipment and 
anaesthesia protocols have made the EE 
technique more reliable. Anaesthesia is 
induced by an IM combination of xylazine, 
ketamine and butorphanol. The penis is 
exteriorized and held by an assistant. An 
electroejaculator probe with three linear 
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electrodes is utilized. The electrodes should 
be placed at the level of the prostate, at 
which depth is determined by transrectal 
ultrasonography. It is important to encour-
age the male to void urine before anaesthe-
sia and EE in order to avoid the contamination 
of semen with urine. Muscle tremors and 
posterior limb movement is not eliminated 
and an assistant should be available to phys-
ically control these movements (Director 
et al., 2007; Picha et al., 2011).

In llamas, EE resulted in a high 
volume of ejaculate and higher sperm via-
bility and motility than in ejaculates col-
lected using an AV (Giuliano et al., 2008). 
EE has been reported for camels under 
various degrees of sedation (Al-Qarawi 
et al., 2002). Detomidine hydrochloride 
(80 mg/kg IM) is the drug of choice for 
sedation (Jochle et al., 1990). However, the 
authors advise against this technique as 
routine practice in large camels because of 
complications and welfare considerations 
(Tibary and Anouassi, 1997c).

POST-COITAL ASPIRATION. In veterinary practice, 
semen evaluation is generally performed on 
a sample aspirated from the female genital 
tract immediately after mating. For this pur-
pose, the male is mated with a healthy recep-
tive female. Semen is then aspirated using a 
uterine pipette fitted with a 12 ml syringe. 
Males should be allowed to breed with the 
female for at least 12 min (Tibary and 
Vaughan, 2006).

Semen characteristics

The physical and biological characteristics of 
the ejaculate vary greatly depending on the 
conditions of collection (e.g. method of collec-
tion, fertility and libido of male, environmen-
tal temperature) (Table 16.7). Ejaculates tend 
to be non-fractionated, although some parame-
ters (e.g. concentration, percentage of live 
and normal sperm) may vary slightly from 
the beginning to the end of an ejaculate 
(Lichtenwalner et al., 1996a; Bravo et al., 2002).

VOLUME. Ejaculate volume ranges from 0.4 
to 12.5 ml (Fernandez-Baca and Calderón, 
1966; Quispe, 1987; Garnica et al., 1993). 
In alpacas, ejaculates obtained by AV tend 
to decrease in volume with increasing fre-
quency of use (Bravo et al., 1997b). Volume 
of ejaculates in llamas varies between 1 and 
8 ml (Baer and Hellemann, 1998). Volume 
of the ejaculate in camels varies between 
2 and 12 ml.

COLOUR. The colour of the ejaculate depends 
on the sperm concentration and the propor-
tion of accessory sex gland secretions. It is 
predominately cloudy grey to milky white 
(Quispe, 1987; Garnica et al., 1993), but can 
sometimes be creamy white (Garnica et al.,
1993). Seminal plasma makes up 80–90% of 
the ejaculate. Individual ejaculates may be 
heterogeneous, with some translucent mate-
rial mixed with cloudy areas (Tibary and 
Anouassi, 1997c).

Table 16.7. Characteristics of the ejaculate in Camelidae.a

Species
Collection
methodb Volume (ml)

Sperm 
concentration 

(million/ml)
Sperm 

motility (%)
Sperm of normal 
morphology (%)

Camelus bactrianus AV 2.5–12.5 200–1600 20–80 50–90
EE 1–12 200–600 50–80 50–90

Camelus dromedarius AV 2–12.5 200–1600 20–80 50–90
EE 1–9 331–800 20–80 40–70

Lama glama AV 0.2–8 18 20–80 40–70
EE 0.3–12.5 20 50–95 50–80

Vicugna pacos AV 0.4–6 82.5–250 20–80 45–75
EE 0.2–12 10–60 20–80 –

aThis compilation is not exhaustive and is meant to illustrate the large variation in semen parameters.
bAV, artificial vagina; EE, electroejaculation.
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Semen collected by post-coital aspiration 
from the vagina may contain varying amounts 
of blood as a result of trauma to the female 
reproductive tract. Haemorrhage may be sec-
ondary to copulation and penetration of the 
cervix (and/or hymen in maidens) by the 
penis. The presence of red blood cells does 
not appear to kill camelid semen as in other 
species (Tibary, 2003).

VISCOSITY. One of the most important physi-
cal characteristics of camelid semen is its high 
viscosity, which makes it very difficult to han-
dle during laboratory procedures and mixing 
with extenders (Vaughan et al., 2003a). The 
viscosity of the semen is attributed to the 
presence of glycosaminoglycans (GAGs), 
among which the highest concentration is of 
keratin sulfate, which is secreted by bul-
bourethral glands (Kershaw-Young et al.,
2012a). The physiological role of this charac-
teristic is not clear. The degree of viscosity 
depends on the individual male and on the 
proportion of gelatinous seminal fluid, and 
tends to decrease with increasing number of 
ejaculates on any day. The viscosity of alpaca 
semen collected by AV tended to decrease on 
the third ejaculate (Bravo et al., 1997b). 
Complete liquefaction of alpaca semen may 
take several hours; in one study, the mean 
time for this was 23 ± 1.2 h (range 8–48 h) 
(Garnica et al., 1993). The liquefaction of 
camelid semen may be promoted by expo-
sure to various proteolytic enzymes (trypsin, 
collagenase, fibrolysin, hyaluronidase) (Bravo 
et al., 2000). All of these enzymes are effective, 
but they may cause damage to the spermato-
zoa if incubation is prolonged or the concen-
tration is too high. A trypsin solution of 1:250 
seems to be effective with minimal negative 
effects on spermatozoa (Bravo et al., 1999, 
2000). Collagenase at a concentration of 0.1% 
is also often used for the liquefaction of semen 
(Bravo et al., 2000; Giuliano et al., 2010; 
Carretero et al., 2012).

SPERM CONCENTRATION. Sperm concentration is 
generally estimated using a haemocytometer 
(Tibary and Anouassi, 1997c). Electronic 
methods have not been investigated and may 
present difficulties because of the viscous 

nature of camelid semen. Sperm concentra-
tion is highly variable and is affected by 
age, method of collection and ejaculate rank 
(Table 16.7). Interruption of copulation results 
in reduced concentration of semen in the ejacu-
late. Sperm concentration in the ejaculate also 
decreases in successive ejaculations, although 
no difference is observed if an interval of at 
least 12 h is allowed between successive ejacu-
lations (Bravo et al., 1997b). A period of sexual 
rest should be provided before clinical evalu-
ation, as sperm concentration tends to 
decrease in alpaca males maintained with 
females (Flores et al., 2002).

It is not uncommon to obtain ejaculates 
without spermatozoa due to lack of adapta-
tion to the AV, particularly in camels. This 
needs to be differentiated from true azoo-
spermia or oligozoospermia as a result of 
testicular or epididymal abnormalities. Most 
testicular abnormalities are detected during 
routine BSE, and this prevents loss of time 
incurred by using a non-fertile male. The 
most common congenital abnormalities found 
on routine evaluation are testicular hypoplasia 
and testicular or epididymal cysts. Acquired 
conditions resulting in oligozoospermia or 
azoospermia include severe degenerative 
changes resulting from trauma, infection or 
heat stress.

PH. The pH of camelid semen is slightly 
alkaline, at 7.5 to 8.4 (Kubicek, 1974; 
Lichtenwalner et al., 1996b; Baer and 
Hellemann, 1998; Wani et al., 2011). In llamas, 
the pH of semen collected by AV did not dif-
fer significantly at different times during copu-

lation. This is probably due to the fact that 
camelid semen is not emitted in distinct 
fractions (Lichtenwalner et al., 1996a,b).

SPERM MOTILITY. It is important to note that 
sperm motility is very difficult to evaluate 
owing to the viscous nature of camelid semen. 
Individual sperm motility is very low in 
undiluted semen, and is best described as 
oscillatory. Motility is rated based on the 
oscillatory intensity of sperm (Garnica et al.,
1993; Tibary and Anouassi, 1997c; Tibary and 
Vaughan, 2006). Following enzymatic lique-
faction, progressive sperm motility varies 
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between 60 and 80%. It is important to note 
that camel semen is extremely sensitive to AV 
rubber liner spermatoxicity.

SPERM MORPHOLOGY. Mature camelid sperma-
tozoa exhibit the same anatomical features as 
other domestic mammals. The total length of 
the camelid sperm cell is smaller than that of 
the bull, buffalo, ram, donkey and stallion, 
but larger than that of the boar (Table 16.8).

The head of camelid spermatozoa is 
described as elliptical. Lengths of the head 
and midpiece are shorter than those of other 
(large domestic) animals, while the tail is 
longer than that of the boar and stallion sperm-
atozoa and shorter than that of all other ani-
mals (Merlian et al., 1986). Sperm morphology 
is ideally evaluated using the traditional 
eosin–nigrosin stain; however, Diff-Quik/
Dip Quick® (Giemsa) and Spermac® have also 
been used in the authors’ laboratory (Tibary 
and Anouassi, 1997c; Tibary, 2003; Tibary and 
Pugh, 2003; Tibary and Vaughan, 2006). 
Morphological evaluation is performed as for 
other domestic species. The morphological 
abnormalities should be reported according 
to type and location of the defect(s) observed.

All sperm abnormalities found in other 
livestock species can be found in camelid 
semen (Tibary and Anouassi, 1997c; Tibary 
and Vaughan, 2006). These include abnormal-
ities of the head, midpiece, tail and proximal 
and distal cytoplasmic droplets. The effects of 
the various abnormalities on fertility have not 
yet been determined in camelids. In the llama, 
the proportion of abnormal spermatozoa in 
ejaculates collected by AV is highly variable 
and ranges from 20.9 to 96.1% (Lichtenwalner 
et al., 1996b; Baer and Hellemann, 1998). 
The most common abnormalities involve the 
head (20 ± 19%) and the acrosome (13 ± 12%). 

The incidence of cytoplasmic droplets in the 
llama ranges from 0 to 45.4% (average 11.1 ± 12.4). 
The incidence of proximal droplets in four 
alpacas ranged from 10 to 38% (Vaughan 
et al., 2003a). In another alpaca study, the 
incidence of abnormal heads, cytoplasmic 
droplets and abnormal tails was 9.6, 3.6 and 
14.5%, respectively. The incidence of abnor-
malities was not affected by rank of ejaculate 
(Bravo et al., 1997a). Computer analysis of 
sperm head size and shape showed signifi-
cant differences both between and within 
ejaculates (Buendia et al., 2002).

BIOCHEMICAL COMPONENTS. The biochemical 
composition of camelid semen is similar to 
that reported for other livestock species. 
Chloride is the main anion and calcium the 
main cation (Garnica et al., 1993). These elec-
trolytes could be of importance in physiologi-
cal processes of the sperm cell such as motility 
and capacitation. Glucose is found in high 
concentration in the seminal plasma of 
alpacas and could be the main substrate for 
energy provision (Garnica et al., 1993). 
Glucose concentrations are higher in younger 
than in adult male alpacas (Garnica et al.,
1993, 1995). Other components of the semen, 
such as lipids, phospholipids and proteins, 
have been quantified in the seminal plasma of 
the alpaca (Garnica et al., 1993). The functions 
of these components have not yet been stud-
ied in camelids, but they may play a role in 
maturation and in protection of the sperm cell 
membrane integrity. Proteins give protection 
to spermatozoa against harmful effects of a 
high dilution rate of the ejaculate (Garnica 
et al., 1993). In a study comparing seminal 
plasma characteristics between llamas and 
camels, pH, osmolarity, and sodium and chlo-
ride content were similar. However, camel 

Table 16.8. Dimensions of the camelid spermatozoon (Tibary et al., 2007).

Species/Dimension Camelus bactrianus Camelus dromedarius Lama glama

Head length (mm) 6.0 ± 0.6 6.6 ± 0.5 5.3 ± 0.5
Head width (mm) 3.8 ± 0.1 3.9 ± 0.1 3.8 ± 0.1
Midpiece length (mm) 6.2 ± 0.7 6.8 ± 0.5 5.3 ± 1.6
Tail length (mm) 30.8 ± 1.9 37.6 ± 0.9 36.6 ± 1.8
Total length (mm) 42.9 ± 1.9 51.1 ± 0.9 49.5 ± 2.2
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seminal plasma was higher in glucose, tri-
glycerides and phosphate and lower in calcium 
and total protein (Wani et al., 2011).

Camelid semen contains an ovulation 
induction factor (OIF). Seminal plasma induces 
ovulation in female alpacas and Bactrian 
camels following placement of the semen 
into the vagina or uterus without mating 
(Chen et al., 1985; Xu et al., 1985; Sumar, 1996) 
or following IM injection (Chen et al., 1985; 
Pan et al., 2001; Adams et al., 2005). Although 
the insemination of whole semen induced 
ovulation in some dromedary camels, ovula-
tion and pregnancy rates are significantly
higher in females artificially inseminated fol-
lowing mating by a vasectomized male 
(Anouassi et al., 1992). It has been shown 
recently that the OIF effect is potentiated 
by the presence of uterine inflammation 
(Adams et al., 2005; Tanco et al., 2011). The OIF 
has been isolated and identified as b nerve 
growth factor (b-NGF), which is conserved 
across multiple animal species (Ratto et al.,
2006, 2012; Kershaw-Young et al., 2012b).

Interpretation of the spermiogram

The major problem in interpreting semen 
analyses in camelids is the lack of standard-
ized methods, not only for collection but also 
for evaluation. Some of the physiological fac-
tors that may affect quantity and/or quality 
of semen, such as age, nutritional status and 
season, need to be critically evaluated. The 
study of these factors will allow clinicians to 
make recommendations on the frequency of 
use of a male based on clinical examination.

Normal males should have at least 60% 
morphologically normal spermatozoa (Flores 
et al., 2002). Increased sperm abnormalities 
are generally associated with testicular dis-
orders (testicular hypoplasia, testicular degen-
eration and heat stress). Teratozoopermia 
may be due to chromosomal abnormalities 
(chromosomal translocations) or to molecular 
disarrangement of spermatogenesis. These 
factors are not yet fully understood. Sterility 
has been diagnosed in one male in the 
authors’ clinic that had abnormal sperm 
mitochondrial sheaths. In llamas and alpacas, 
heat stress affects spermatogenesis as well as 
sperm motility and morphology. In one study, 

the exposure of male llamas to an environ-
mental temperature above 29°C decreased 
motility from 63.1 to 15.0%, and increased the 
numbers of morphologically abnormal sperm 
from 26.3 to 50.5% (Schwalm et al., 2007).

Semen Preservation and 
Artificial Insemination

Semen preservation and artificial insemina-
tion have seen very little progress since the 
initial studies were performed in the 1960s 
(Tibary and Anouassi, 1997e). Except for the 
Bactrian camel, from which Chinese scientists 
have been able to collect, process and use 
semen to achieve high pregnancy rates, the 
development of artificial insemination (AI) in 
other camelids has been slow. Research on 
semen preservation and AI in camelids has 
regained interest in recent years, mostly as a 
result of interest in racing camels (Anouassi 
et al., 1992; Tibary and Anouassi, 1997e; 
Skidmore et al., 2013) and worldwide devel-
opment of the alpaca breeding industry 
(Vaughan et al., 2003a; Bravo et al., 2013).

Semen collection and 
ejaculate liquefaction

Major hurdles in the development of AI are 
semen collection, initial ejaculate quality and 
the induction of liquefaction prior to the addi-
tion to extender. Only good-quality ejaculate 
(concentration of sperm >80 million/ml, pro-
gressive motility >70% and morphologically 
normal spermatozoa >70%) should be used. 
Despite the development of new techniques 
for semen collection with an AV and EE (as 
described earlier), ejaculate quality remains 
extremely variable, particularly in the drome-
dary camel. Semen collection with an AV 
in the dromedary produces a high rate of 
azoospermic ejaculates (Deen et al., 2003). 
Individual variation in acceptance of the AV 
is also a handicap in the development of this 
technology. In alpacas and llamas, semen col-
lection by AV or EE has been more reliable.

One of the most challenging factors in 
camelid semen processing for preservation 
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and AI is its high viscosity (Casaretto et al.,
2012). Various enzymatic treatments (trypsin, 
hyaluronidase, amylase, collagenase) have 
been utilized to eliminate this viscosity and 
allow better mixing of the ejaculate with the 
extender in order to maintain its viability 
(Bravo et al., 1999, 2000; El-Bahrawy, 2010). 
Collagenase (0.1% solution) is presently the 
most commonly used enzyme for liquefac-
tion of llama and alpaca semen (Giuliano 
et al., 2010; Casaretto et al., 2012; Morton et al.,
2012; Bravo et al., 2013). The ejaculate is gen-
erally incubated with the collagenase solu-
tion until liquefaction is complete. Sperm 
quality can then be determined from an aliquot 
and the rest of the liquefied ejaculate diluted 
with an extender. Liquefaction with 0.1% col-
lagenase in H-TALP-BSA (HEPES-Tyrode’s 
medium-bovine serum albumin) does not seem 
to increase DNA decondensation (Giuliano 
et al., 2010; Carretero et al., 2012).

Short-term semen preservation

Most of the commercially available semen 
extenders for ruminants (Laciphos®, Androhep®,
Biociphos®, Sodium citrate-egg yolk) and 
equines (Lactose-egg yolk, Kenney’s skim 
milk, INRA 96®) have been tested in one form 
or another on camelids (Sieme et al., 1990; 
Tibary and Anouassi, 1997e; Vaughan et al.,
2003a; Deen et al., 2004; Skidmore et al., 2013). 
Egg yolk is generally added to extenders 
at a rate of 20% (v/v). A commercial camel 
semen extender (Green Buffer®-egg yolk, IMV, 
l’Aigle, France) was shown to preserve motil-
ity for camel and alpaca semen but is no 
longer available (Tibary and Anouassi, 1997e; 
Vaughan et al., 2003a; Waheed et al., 2010; 
Skidmore et al., 2013).

Tris-buffered and egg yolk-citrate 
extenders seem to provide adequate preser-
vation of viability and motility for camel 
sperm (Niasari-Naslaji et al., 2006; Wani et al.,
2008). Extended semen is cooled slowly from 
room temperature to 4 to 8°C over 1 h. 
Systems used for the transport of cooled 
horse semen can also be used to transport 
cooled alpaca semen by air, thus allowing 
distribution over a large geographical area 
(Tibary and Anouassi, 1997e). Sperm viability 

decreased sharply after 48 h of storage in 
most of these extenders. A Tris-citric acid-
glucose-fructose extender (SHOTOR®) was 
found to be comparable to Green Buffer® for the 
preservation of the motility of cooled Bactrian 
camel semen (Niasari-Naslaji et al., 2006).

Lactose-egg yolk extender has been 
shown to maintain progressive motility and 
viability for up to 24 h at 4°C. Addition of 
catalase (500 IU/ml) may offer the advan-
tages of reducing the effect of peroxidation 
and increasing the lifespan of cooled camel 
sperm (Medan et al., 2008).

Various commercial extenders have been 
utilized for cooled preservation of alpaca and 
llama semen; these include Tris-based extender, 
Camel Buffer®, EDTA, Triladyl®, Biladyl®,
Andromed®, lactose, Salamon’s extender 
(Vaughan et al., 2003a; Morton et al., 2009; 
Bravo et al., 2013). Biladyl® and Egg-yolk-
glucose-citrate extender were shown to 
be superior to other commercial extenders 
(Morton et al., 2009). Tris extender was signifi-
cantly better than EDTA with or without Equex 
STM paste in llamas (Baer and Hellemann, 
1999). Also in llamas, 11% lactose-egg yolk 
extender was better than Tris-citrate-fructose-
egg yolk or skim-milk glucose (Giuliano et al.,
2012). Lactose-egg yolk extender was also shown 
to maintain good progressive motility of alpaca 
sperm for up to 24 h (Morton et al., 2007).

Sperm cryopreservation

Although camelid semen cryopreservation 
was attempted over four decades ago, this 
technology remains poorly studied. The first 
offspring from insemination with frozen–
thawed Bactrian semen was reported in 
1961 (Elliot, 1961). Early attempts to freeze 
camel semen relied on boar or equine exten-
ders (lactose-egg yolk-glycerol-Orvus-Equex 
paste) (Sieme et al., 1990). Further studies 
on Bactrian camels used a sucrose-based 
extender (SYG-3: 12% sucrose, 20% egg yolk, 
7% glycerol) (Chen et al., 1990). SHOTOR®

with 6% glycerol was shown to be superior 
to Green Buffer® for the cryopreservation of 
camel semen (Niasari-Naslaji et al., 2007). 
The most common cryoprotectant used for 
camel semen cryopreservation is glycerol at 
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concentrations varying from 4 to 7%. Most stud-
ies provide a 1 to 2 h equilibration time at 4°C 
before the addition of glycerol. Camel semen 
has been frozen in a variety of packaging, 
including ampoules, pellets and 0.25 and 0.5 ml 
straws, using the same methods as described 
for other species (Tibary and Anouassi, 1997e). 
The authors’ trials with Green Buffer® with 
added 20% egg yolk and 5% glycerol gave 
excellent post-thaw motility (Tibary and 
Anouassi, 1997e). Similar results were obtained 
recently with the same extender with 6% gly-
cerol (Morton et al., 2010b). In the authors’ trials, 
despite the excellent post-thaw quality of 
semen, embryo recovery rate in inseminated, 
superovulated females was very low (Tibary 
and Anouassi, 1997e).

The cryopreservation of semen from 
alpacas and llamas was first attempted in the 
late 1970s (Graham et al., 1978). Llama and 
alpaca semen has been frozen in Tris-egg 
yolk-glycerol or sodium citrate-egg yolk-
glycerol and other commercial semen freez-
ing extenders (Aller et al., 2003). The use of 
egg-yolk free commercial extender (Bociphos®)
yielded poor post-thaw motility (Bürgel et al.,
2001). There is a lack of data on the role of fac-
tors such as extenders, individual males, sem-
inal plasma and the degree and method of 
liquefaction on the freezing ability of semen. 
While glycerol is the main cryoprotectant 
used, ethylene glycol has been shown to be 
equally effective (Santiani et al., 2005). The 
addition of glycerol is performed after cool-
ing and equilibration at 4 to 5°C for 1 to 2 h. 
After addition of the extender, usually in one 
or two steps, the semen is loaded into 0.25 or 
0.5 ml plastic straws. Straws are frozen by 
placing them on a rack at known distances 
(6 to 12 cm) above the surface of liquid nitro-
gen for 10 to 20 min. Other techniques use 
progressive lowering of the rack (1 cm/min) 
until immersion in liquid nitrogen. At the 
time of use, straws are thawed out by immer-
sion in a water bath at 37°C for 30 to 40 s or 
40°C for 8 s (Bravo et al., 2013).

Epididymal sperm has been preserved 
using the same techniques described for ejacu-
lated sperm but no fertility trials have been 
reported to date (Morton et al., 2007, 2010c). 
This technique could prove valuable for the sal-
vage of genetic material from terminal males.

Artificial insemination

AI of the camelid female is performed follow-
ing the induction of ovulation. This can be 
induced with hCG (750–1000 IU IV in alpacas 
and llamas; or 1000–3000 IU IV in camels), 
with gonadotrophin releasing hormone (GnRH, 
IM; 20 mg for alpacas and llamas, 100 mg for 
camels) or a GnRH analogue (buserelin, IM; 8 mg
for alpacas and lamas, 20 mg for camels). The 
ovulation induction rate is very high (90–100%) 
if females are selected based on maximum 
uterine tone and oedema and appropriate fol-
licular size (7–12 mm for alpacas and llamas; 
12–18 mm for camels) as determined by ultra-
sonography (Tibary and Anouassi, 1997e). 
Ovulation occurs between 26 and 30 h after 
treatment, and insemination is usually per-
formed 24 h after treatment. The technique of 
insemination commonly used is similar to 
that for the bovine.

In camels, AI trials with cooled semen 
have resulted in variable pregnancy rates. 
The main factors affecting conception rate are 
sperm quality, site of deposition and inherent 
fertility of the male and female. Conception 
rates ranging from 30 to 50% have been 
reported with 100–300 million spermatozoa 
when semen is deposited in the body of the 
uterus (Anouassi et al., 1992; Skidmore and 
Billah, 2006; Morton et al., 2010a). Similar con-
ception rates are achieved with as little as 
8 million spermatozoa with deep horn insem-
ination ipsilateral to the side of ovulation 
(Anouassi and Tibary, 2010).

AI trials with frozen–thawed semen are 
scarce in camelids. Excellent pregnancy rates 
have been achieved with a double insemina-
tion protocol using 150–300 million sperm-
atozoa frozen in SYG-3 extender in the 
Bactrian camel (Chen et al., 1990). In the 
dromedary, pregnancy rates following insem-
ination with frozen–thawed semen are low 
(<10%) (Tibary and Anouassi, 1997e; Deen et al.,
2003). In alpacas and llamas, most of the trials 
published so far involve a limited number 
of observations and a wide variety of proto-
cols and doses. Pregnancy rates have been 
extremely variable, and range from 0 to 30% 
for cooled semen and from 0 to 65% for 
frozen–thawed semen (Pacheco Curie et al.,
2009; Giuliano et al., 2012; Bravo et al., 2013). 
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The number of motile spermatozoa required 
for adequate fertilization in llamas seems to 
be 8 million (4–12 million depending on the 
study) (Bravo et al., 1999, 2013).

Use of artificial insemination for 
hybrid production

AI has been used for the production of paco–
vicuña (an alpaca × vicuña cross) and other 
combinations of South American camelid 
(Bravo et al., 2013). The first hybrid between 
the OWC and NWC was produced in 1999 by 
insemination of a guanaco female with drome-
dary semen (Skidmore et al., 1999). Since this 
first hybrid, several other llama–dromedary 
hybrids have been produced; however, preg-
nancy loss is quite high in bred females. None 
of the pregnancies established with llama or 
guanaco semen in a female dromedary were 
carried to term (Skidmore et al., 2013).

Conclusion

Despite the research conducted on camelid 
reproduction over the last five decades, the 
body of knowledge of camelid andrology 
remains far behind that in other domestic 
species. This is in part due to the fact that 

these species are mostly found in an area of 
the world where research resources are scarce 
and in part to their peculiar reproductive pat-
tern. Within the Camelidae family, llamas and 
alpacas have been the most clinically evalu-
ated. In all species, further scientific charac-
terization of puberty and sperm production is 
needed. The high rate of abnormalities in 
alpacas and llamas, such as testicular cysts 
and testicular hypoplasia, merits further 
genomic and molecular studies. A complete 
BSE is rarely performed in these species and 
is often limited to the selection of males based 
on testicular size. There is a complete lack of 
information on the effect of various sperm 
abnormalities on fertility. In camels, the pau-
city of clinical information is worsened by 
lack of proper methodology and erroneous 
conclusions drawn from some studies.

Although the first attempts at semen col-
lection and AI took place in the late 1960s, there 
has been very little progress in the use of cryo-
preserved semen for AI. To date, the pregnancy 
rates achieved in AI trials remain too variable 
to make this technology acceptable, particu-
larly in the dromedary camel. Improvements in 
the methods for semen collection and liquefac-
tion will allow studies to develop better semen 
extenders in the future. One of the areas of 
research that needs to be addressed is the effect 
of semen dilution and processing on sperm 
transport and fertilization.
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Introduction

The long-term viability of any animal population 
relies on the reproductive success of the con-
stituent animals. In turn, reproductive success 
is intrinsically linked to an individual’s health 
and well-being. As such, understanding repro-
ductive physiology is essential to improving 
the genetic management, reproductive output 
and overall success of insurance populations 
of rare and important wildlife species. In addi-
tion, reproductive assessments should be incor-
porated into holistic programmes assessing the 
health and viability of wildlife populations. 
Assisted Reproductive Techniques (ARTs) can 
be extremely useful tools in the genetic man-
agement of these populations (Pukazhenthi 
et al., 2006a), but should be used in a manner 
that will support population sustainability in 
the long term.

The relative ease of access to spermato-
zoa compared with oocytes results in greater 
opportunities to study andrology and, conse-
quently, gain a better understanding of male 
gamete biology in a range of wildlife species. 
This has also led to the asymmetrical efforts 
and success in sperm banking compared with 
storing oocytes and embryos, in both domes-
tic and wildlife species. While efforts are 

* E-mail: rspindler@zoo.nsw.gov.au

required to address this imbalance, the cur-
rent capacity to collect, assess, cryopreserve 
and use spermatozoa to achieve targeted con-
ception has great implications for the genetic 
management of species and conservation of 
biodiversity. Long-term cryopreservation of 
spermatozoa from wild animals, especially, 
can facilitate zoo-based breeding program-
mes by replenishing genetic material without 
the associated cost and anxiety of animal 
translocations (Wildt, 1997).

Despite this potential application, detailed 
knowledge of species-specific methods for 
studying and manipulating male reproductive 
activity in wildlife species is limited. There is a 
wealth of andrological information available on 
domestic species (see other chapters in this vol-
ume, and Marshall’s Physiology of Reproduction,
ed. Lamming, 1990, for summary) and humans 
(Campbell’s Urology, eds Walsh et al., 2002) that 
informs our study and control of male repro-
duction in wildlife species. Investigations of 
analogue domestic species have provided valu-
able launching points for investigations into 
wildlife reproduction and have led to the devel-
opment of appropriate technology and equip-
ment. However, it must be remembered that 
even closely related species often exhibit signifi-
cant and biologically meaningful variations in 
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reproductive and endocrine parameters. A suc-
cessful approach to studying or manipulating 
male reproduction in one species will often not 
work in another species without significant 
modification. Thus, a significant amount of 
effort must be exerted to develop appropriate 
techniques for each wildlife species, regardless 
of the weight of research in taxonomically close 
species.

Primary Challenges when Studying 
Wildlife Andrology

Availability of animals

Efforts to investigate wildlife andrology have 
focused on evaluating the semen of selected 
species and establishing baseline concentra-
tions of circulating hormones (Spindler and 
Wildt, 2010). The numbers of animals typi-
cally included in such studies are extremely 
low in comparison with similar studies con-
ducted on domestic species. This is largely 
due to the inability to collect longitudinal 
reproductive information from free-ranging 
animals that do not have a known life history. 
Investigations have relied on the availability 
of conspecific animals in zoos to provide 
baseline reproductive data, improve overall 
understanding of species biology and develop 
field techniques appropriate for the collection 
of samples and data from the field (Spindler 
and Wildt, 2010). Data collection from zoo-
based animals is more laborious than it is for 
domestic species owing to the low numbers 
of animals held in each facility, the geographi-
cally dispersed locations of zoos and the 
diversity of environmental conditions experi-
enced by each individual. Sourcing animals 
and collecting data in the field involves even 
greater expense and level of difficulty, and is 
often performed over many years, thereby 
introducing additional elements of variation.

Animal and researcher health 
and safety

Understanding the andrology of wildlife 
species requires close observation, physical 

examination, sample collection and, possibly, 
ultrasound or radiography of males. In most 
cases, this will require anaesthesia in order 
to avoid stress to the animal and injury to 
the technicians. As a result, a great deal of 
research is invested in developing non-
invasive measures of reproduction in wild-
life species. Hormone monitoring of faecal 
samples has greatest application in the 
female to determine reproductive cycling, 
seasonality and maturity; it also has potential 
to assist the reproductive management of 
males (Morai et al., 2002; Pereira et al., 2005; 
Hesterman and Jones, 2009). These non-
invasive techniques have the added benefit 
of reducing the number of anaesthetic events 
required to gain an understanding of male 
reproductive physiology, and so reducing the 
potential impact on animal well-being.

However, most assessment of, and res-
earch into, male physiology requires the col-
lection of semen samples and, in wildlife 
species, this necessitates anaesthesia. Modern 
anaesthetic regimes, developed to address 
species-specific physiology, have reduced the 
potential impacts for many species. The com-
plete physiological impact of any anaesthetic 
regime should be considered fully before 
undertaking semen collection so as to ensure 
animal safety and well-being, as well as maxi-
mizing the chances of collecting a good-
quality sample (Zambelli et al., 2007).

Genetic diversity

Inbreeding depression most likely influences 
reproductive fitness in a variety of ways 
across a diverse range of species. For exam-
ple, reduced genetic diversity is closely cor-
related with decreased testicular sperm 
concentrations in oldfield mice (Peromyscus 
polionotus) (Margulis and Walsh, 2002), 
decreased sperm quality in Cuvier’s gazelles 
(Gazella cuvieri) (Roldan et al., 1998), increased 
juvenile mortality in ungulates (Ralls et al.,
1979) and small mammals (Ralls and Ballou, 
1982), and reduced sperm quality in clouded 
leopards and lions (Wildt et al., 1986, 1987). 
Population management is essential to the 
reproductive health of populations and can 
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be assisted by increased reproductive knowl-
edge and the development of techniques to 
ensure gene capture and the maintenance of 
genetic diversity.

Environmental conditions

It is well established that reproductive success 
is affected by environmental stressors 
(Ramaley, 1981; Moberg, 1985, 2000; Lasley 
and Kirkpatrick, 1991; Rivier and Rivest, 1991; 
Pottinger, 1999; Dobson et al., 2001, 2003). 
Wildlife species and, in particular, specialized 
carnivores, appear to be particularly suscep-
tible to novel environments and stressors 
(Mellen, 1991; Carlstead et al., 1993a,b; Jurke 
et al., 1997; Carlstead, 2002; Moreira et al.,
2002; Wielebnowski, 2002; Wielebnowski et al.,
2002). These stressors result in the stimulation 
of the hypothalamic-pituitary-adrenocortical 
(HPA) axis. Both beneficial situations (e.g. 
courtship, copulation, obtaining prey, giving 
birth) and detrimental situations (e.g. fighting, 
capture, (some) transport) can elicit an adrenal 
response (Colborn et al., 1991; Moberg, 2000). 
Subsequent acute (short-term) elevations in 
glucocorticoids can help an animal to react 
appropriately to the challenge through rapid 
energy mobilization. In contrast, a chronic 
(long and sustained) glucocorticoid rise can 
reduce fitness through a variety of mecha-
nisms, ranging from immunosuppression to 
poor reproduction and offspring survival 
(Moberg, 1985, 2000). These potential stressors 
must be managed or eliminated to ensure the 
optimal reproduction of wildlife species.

Health and nutrition

Disease can be defined as any impairment that 
interferes with or modifies the performance of 
normal bodily functions; this includes non-
infectious, infectious and parasitic diseases. 
Health and nutrition are intimately linked and 
many health issues are either directly related 
to poor nutrition, or are compounded by poor 
immune function due to poor nutrition. Owing 
to the tight regulations over the origin and quar-
antine of wildlife species, infectious diseases 

that directly affect reproduction are unlikely to 
be of concern in captivity. In free-ranging pop-
ulations, diseases of concern that could be 
encountered include canine distemper virus, 
feline infectious peritonitis, genera-specific 
immunodeficiency viruses, rabies, herpesvirus, 
calicivirus, feline parvovirus (panleukopenia), 
feline leukaemia virus, Leptospira interrogans,
Chlamydia spp., Salmonella spp., Toxoplasma 
gondii and Dirofilaria immitis (Spindler et al.,
2007). In many such cases, the spermatozoa of 
valuable males may still be used after sperm 
washing and the verification of disease-free 
status before artificial insemination (AI) 
(Loskutoff et al., 2005).

Nutrition plays a fundamental role in 
overall animal demeanour, hormone produc-
tion, sperm production and fecundity. For 
example, malnutrition alters luteinizing hor-
mone (LH) and testosterone secretion pat-
terns in rhesus macaques (Macaca mulatta)
(Lado-Abeal et al., 2002) and reduces overall 
fecundity in the marmoset (Tardif and 
Jaquish, 1994) and the water buffalo (Oswin-
Perera, 1999). More specifically, diets lacking 
in specific micronutrients will have an impact 
on reproduction. For example, calcium influ-
ences erectile function (Mills et al., 2001), 
spermatogenesis (Andonov and Chaldakov, 
1991), oocyte maturation (Machaca and 
Haun, 2002), fertilization (Stricker, 1999) and 
embryo development (Stricker, 1999). Further, 
deficiency in vitamin A causes male infertil-
ity, embryonic loss, decreased neonatal sur-
vival and fetal malformations (Clagett-Dame 
and DeLuca, 2002), while vitamin D defi-
ciency reduces fertility by controlling the 
onset of puberty and fertility in both males 
and females (Halloran and DeLuca, 1979). 
Attention to the specific dietary requirements 
of wildlife species must be paid to avoid risks 
to health and reproduction. For example, 
felids have a unique and specific requirement 
for micronutrients such as arachidonic acid, 
which is essential for reproduction and sperm-
atogenesis (MacDonald et al., 1984).

Ethics

All animals must be held in conditions that 
meet species-specific and individual needs 



Applied Andrology in Endangered, Exotic and Wildlife Species 453

for biological and psychological health. This 
ensures the best animal well-being as well as 
the greatest relevance of research data. As 
with any animal research, the benefits of the 
research to health, conservation or animal 
management must be weighed against the 
cost to individual animals engaged in the 
research. This must be undertaken by a 
licensed animal ethics committee that has 
specific knowledge of wildlife species and the 
associated opportunities and limitations to 
their study. Making these judgements about 
research on wildlife species must take into 
consideration that the impact of intervention 
on wildlife species may be greater than on 
domestic species owing to the lack of habitu-
ation to human presence and the potential 
risks to researchers, as described above. 
Conversely, these costs, if managed appropri-
ately and humanely, are often dwarfed by the 
opportunity to better understand and man-
age the reproduction, health and even conser-
vation status of these and other species 
through conducting relevant research under 
the highest standards and ethical conditions.

Natural and Assisted Breeding 
Strategies

Reproductive strategies employed by wildlife 
species range from asexual reproduction 
through promiscuity, polyandry and poly-
gyny to monogamy. The mating strategy of 
the species in question will have a significant 
influence on male reproductive characteristics, 
including testis size, sperm characteristics, and 
even semen content. Knowledge of these strate-
gies also allows some assumptions to be made 
when sampling from a species for the first 
time, and may also assist with developing 
sample collection and handling methods. 
For example, males in competitive breeding 
situations (polyandry) will tend to produce 
more semen, more spermatozoa and have 
larger testes than males with limited competi-
tion (Parker, 1998). Further, some primate, 
rodent, marsupial and reptile species ejacu-
late a coagulated ‘plug’ to prevent easy access 
to females by subsequent mates, which may 
cause damage to tissues if not completely 

expelled from the male reproductive tract 
during stimulated ejaculation.

Wildlife species often employ mate selec-
tion strategies that avoid inbreeding and 
ensure the best possible mate to avoid neonate 
or infant mortality. Selection tools are used to 
select appropriate matings in globally man-
aged zoo programmes, and these have been 
demonstrated to maintain excellent levels of 
genetic diversity in populations over many 
generations (Ballou and Foose, 1996). How-
ever, the loss of genetic diversity is almost 
inevitable over generations. Supplementation 
of an insurance population with genes from 
wild males (using cryopreserved spermato-
zoa) between three and five times a year is pre-
dicted to maintain the long-term viability of 
even small populations of Eld’s deer (Panolia 
eldii), Przewalski’s horse (Equus ferus przewal-
skii) and the Sumatran tiger (Panthera tigris 
sumatrae) (Harnal et al., 2002).

Species biology will often dictate that off-
spring gender will be skewed under specific 
environmental conditions. While the specific 
conditions triggering this imbalance may be 
difficult to tease apart, the impact may be 
resolved through the application of advanced 
sperm gender-sorting technologies developed 
using domestic species (Johnston, 1992). These 
technologies are still in their infancy for wild-
life species. Active gender selection of off-
spring would resolve many issues around the 
management of populations with a gender 
imbalance (usually towards the male) that is 
not representative of wild populations.

Cryopreservation

The ability of human spermatozoa to with-
stand sub-zero temperatures was realised in 
the 19th century by the work of Mantegazza, 
although the potential applications of this 
technique were not recognized until the mid-
20th century. The critical consideration of 
precise conditions and manipulations of the 
freezing and thawing processes to a vast 
number of species across a wide range of taxa 
has enabled long-term preservation of viable 
spermatozoa. Of primary concern in the 
development of cryopreservation methods is 
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the avoidance of cryoinjury during the transi-
tion through solutions of altered tonicity and 
temperature (Mazur, 1963). These transient 
states include moving from isotonic solution 
to hypertonic solution to supercooled solu-
tion with the greatest concern for cell integ-
rity between the temperatures of –30°C and 
–40°C, at which point intracellular freezing 
and ice crystal formation occurs.

Vitrification, whereby freezing occurs at 
an ultra-rapid rate in order to avoid the for-
mation of ice crystals, is a lesser studied ave-
nue of cryopreservation for spermatozoa, but 
is the preferred method of preservation for 
organized groups of cells, such as testicular 
tissues and embryos; this turns specimens 
into a glass-like formation (Vajta and Nagy, 
2006). Frog spermatozoa are able to survive 
exposure to liquid air at –192°C (Luyet and 
Hodapp, 1938). Fowl spermatozoa were 
revived after partial dehydration, freezing to 
–76°C and storage over several months 
(Shaffner, 1942). Human spermatozoa have 
been known to be particularly resistant to the 
vitrification process (Isachenko et al., 2003, 
2012). Vitrification has been successful in 
recovering motile, viable spermatozoa after 
thawing in various species, including canids 
(Sanchez et al., 2011), rhesus macaques (Dong 
et al., 2009) and rainbow trout (Oncorhynchus 
mykiss) (Merino et al., 2011).

The addition of glycerol was found to be 
beneficial to sperm cryopreservation in the 
mid-20th century, and since then the pre-
ferred cryopreservation methods have incor-
porated the use of cryoprotectant agents 
(CPA) to the present day. The main properties 
that determine an appropriate CPA include 
solubility, the ability to form hydrogen bonds 
with water and the impact on the melting 
point of ice with a view to reducing ice crystal 
formation and moderating cryoinjury. Two 
classes of CPA exist, penetrating and non-
penetrating; penetrating substances have a 
molecular weight of less than 100 daltons and 
are able to penetrate cells. Examples of CPA 
routinely used in cryopreservation of sperm-
atozoa include penetrating substances such 
as glycerol, dimethyl sulfoxide (DMSO) and 
sugars, as well as non-penetrating substances 
such as polyvinylpyrrolidone and polyethyl-
ene glycol.

Cryotoxicity

Sperm viability post-thaw may be consider-
ably compromised owing to species-specific 
sensitivity to the CPA or concentration of the 
CPA used. Even within taxonomic families, 
species and individuals may differ markedly 
in their response to CPA. For example, in the 
domestic livestock industry, bull semen is 
routinely cryopreserved with commercially 
produced extenders and used for AI. 
However, using a basic semen extender 
developed for the domestic bull, such as a 
Tris-egg yolk-glycerol extender, can damage 
sperm DNA, plasma membranes and/or 
acrosomes from a related species, such as the 
European bison (Bison bonasus) (Pérez-
Garnelo et al., 2006) and the buffalo (Bubalus
bubalis) (Andrabi, 2009). Other examples of 
animals with varying and species-specific 
needs include ferrets (Mustela putorius furo)
and black-footed ferrets (Mustela nigripes)
(Howard et al., 1991), dogs and wild canids 
(Farstad, 1998), and cats and wild felids 
(Pukazhenthi et al., 2006b; Herrick et al., 2010).

Field applications for collecting 
and cryopreserving semen from 

free-ranging males

The ability to collect, cryopreserve and use 
spermatozoa from free-ranging males of any 
species can effectively increase the genetic 
diversity of a closed population, while avo-
iding the removal of animals from the wild, 
the potential stress of animal transport 
and the risk of disease introduction. The 
disadvantage of this approach is that field 
conditions often include an absence of elec-
tricity for cooling and centrifuging spermato-
zoa. Spermatozoa are clearly sensitive to high 
temperatures (England and Ponzio, 1996; 
Brinsko et al., 2000; Johnston et al., 2000a; Nair 
et al., 2006; Purdy, 2006), and long-term 
exposure to seminal plasma has been shown 
to compromise sperm motility, viability and 
even DNA integrity (Wildt et al., 1988; 
Centurion et al., 2003; Love et al., 2005). 
Portable instant cool packs that can be acti-
vated when required are useful in maintain-
ing tolerable temperatures under field 
conditions. Further, experimentation can be 
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useful in indicating the optimal diluent solu-
tions that will reduce the impact of seminal 
plasma (Morato et al., 2003). These strategies 
may prolong sperm viability in transit to lab-
oratories or provide essential steps in a cryo-
preservation protocol. Ultimately, effective 
semen collection, cooling and cryopreserva-
tion techniques must be tailored to the spe-
cies and the field conditions in question in 
order to preserve the viability of spermatozoa 
(Plate 60).

Taxa-specific Notes

Non-human primates

Great advances have been made in the fields 
of human andrology and reproductive medi-
cine. In comparison, knowledge of non-human 
primates is poor and has yet to be prioritized 
despite a rapid decline in many species 
and populations (Morrell and Hodges, 1998). 
A diverse range of assisted reproduction 
protocols has been established in species that 
serve as models for humans. For example, the 
use of frozen–thawed spermatozoa has been 
shown to successfully produce embryos in vitro
and result in offspring after embryo transfer 
in marmosets (Callitrichidae) and gorillas 
(Gorilla gorilla gorilla) (Pope et al., 1997). 
Successful production of offspring from 
intracytoplasmic sperm injection has also 
been repeated over the past 25 years. Cryo-
preservation and the recovery of viable sperm-
atozoa post thaw for AI in non-human 
primates has proved to be more problematic, 
although success has been reported in the 
chimpanzee (Pan sp.) (Gould, 1990), rhesus 
macaque (Wolf et al., 2004) and marmoset 
(Callithrix jacchus) (Morrell et al., 1998).

The varying structure of primate sperm-
atozoa and their susceptibility to cryoinjury, 
particularly damage to their DNA (Li et al.,
2007), is of concern (Rall, 1993). As with many 
other wildlife species, primates show sig-
nificant differences in post-thaw sperm survival 
between individual males, even though pre-
freeze parameters are comparable. Thus, 
optimizing standardized protocols becomes 
increasingly difficult. Furthermore, a recent 

study in rhesus macaques found that while 
the morphological and motility parameters of 
spermatozoa post thaw were found to be of 
acceptable quality by visual assessment, when 
penetration tests through cervical mucus 
and hyaluronic acid gel were conducted, 
spermatozoa were found to have a much 
reduced efficiency (Tollner et al., 2011).

Carnivores

Carnivores employ a wide range of reproduc-
tive strategies, often influenced by an equally 
wide range of ecological and social parame-
ters. Whereas some species have received 
research attention, there is still a great deal 
of information yet to be gained when the 
wide diversity of species and their vulner-
ability to environmental perturbation are 
considered, as well as the lack of a domestic 
model that has received adequate research 
attention. The domestic dog and cat have pro-
vided some clues to the reproduction of their 
non-domestic relatives, but research on even 
these models has been limited compared with 
livestock and laboratory species.

Ursids, canids and felids are usually sea-
sonal breeders in nature, but semen can be 
obtained from zoo-based males of some spe-
cies throughout the year via electroejaculation 
(EE) (Howard et al., 1986). In contrast, the sperm-
atozoa of mustelids (Sundqvist et al., 1984) or 
large canids (Koehler et al., 1998) can only be 
recovered during their breeding season. 
Across the carnivore families, onset of puberty 
is variable in terms of years but is approxi-
mately proportional to the total lifespan of the 
species. A reproductive strategy present in 
males of most canid species is the presence of 
the bulbus glandis. This ring of erectile tissue 
at the base of the penis becomes engorged with 
blood during copulation and results in the 
penis being locked in the female’s vagina 
for a prolonged period, presumably to avoid 
multiple matings (Kleiman, 1967). In felids, 
the function of the penile spines may be to 
enhance the stimulation of females in order to 
induce ovulation (Aronson and Cooper, 1967). 
The development of these spines is testoster-
one dependent and should be evaluated as 
part of any reproductive examination.
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Semen volume and sperm concentration 
are highly variable across the carnivore spe-
cies and may be explained largely by social 
structure (Swanson et al., 1995; Howard, 
1999). A striking attribute of spermatozoa 
across a wide range of carnivore families is 
the significant and consistent presence of 
morphologically abnormal spermatozoa (ter-
atospermia). This phenomenon is related to 
age and nutrition of the male and to season 
of collection. It also has been associated with 
several populations known to have poor 
genetic diversity, including lions (Panthera 
leo) (Wildt et al., 1987), cheetahs (Acinonyx 
jubatus) (Wildt et al., 1983) and Florida pan-
thers (Felis concolor coryi) (Barone et al., 1994), 
although the relationship with genetics is 
not absolute (Pukazhenthi et al., 2006c). 
Teratospermia alters the ability of spermato-
zoa to capacitate, decondense and bind to the 
zona pellucida of the oocyte. Both abnormal 
and normal-appearing spermatozoa from 
teratospermic ejaculates (with >60% abnor-
mal spermatozoa) display increased sensitiv-
ity to solution tonicity and temperature 
change, so that the difficulties inherent in 
preserving the genes of the individuals and 
species affected are exacerbated (Pukazhenthi 
et al., 2001b).

The collection and cryopreservation of 
semen from canids can be readily performed 
using a number of different techniques that 
provide good initial sperm motility post 
thaw (Farstad, 1996, 2000), with the excep-
tion of select species, including the red wolf 
(Canis rufus) (Goodrowe et al., 1998), blue fox 
(Alopex lagopus) (Farstad, 1998) and grey 
wolf (Canis lupus) (Leibo and Songsasen, 
2002). Spermatozoa are readily collected 
from felid species using EE (Platz et al.,
1978), but cryopreservation techniques yield 
variable success and few species have been 
cryobanked with the same success as canids 
(Howard, 1999) – possibly because felid 
acrosome membranes appear to be particu-
larly cryosensitive (Pukazhenthi et al., 2001a; 
Leibo and Songsasen, 2002). Techniques 
developed for felids have been successfully 
modified and applied to mustelids (Howard 
et al., 1991). Ursid sperm have been collected 
via EE (Howard et al., 2006; Chen et al., 2007; 
Brito et al., 2010) and cryopreserved successfully, 

including sperm of the giant panda (Spindler 
et al., 2004; Álvarez et al., 2008).

Ungulates

The six orders of ungulates span a wide range 
of social structures from solitary to highly 
gregarious. Some species in the bovid, equid 
and cervid families exhibit seasonal fluctu-
ations in serum testosterone levels and have 
shown annual cycles in testicular regression, 
spermatogenesis and/or some seasonal tes-
ticular quiescence. However, animals studied 
in captivity may show attenuated seasonality 
due to absent or diminished natural cues.

ARTs are powerful tools in supporting 
and conserving many of the still extant spe-
cies of this group, particularly in the larger, 
gregarious species where space constraints 
are often limiting. Of the many advanced 
ARTs available today, manipulating the male 
for semen collection, sample manipulation, 
storage, transport and insemination is often 
the simplest and easiest applicable set of tech-
niques for ungulate breeding programmes. 
Generally, semen collection from ungulates is 
carried out with anaesthetized animals and 
EE (Watson, 1978; Howard et al., 1986). 
Collection by artificial vagina (AV) or rectal 
stimulation has been successful in some spe-
cies, given appropriate facilities and training 
opportunities (Holt, 2001).

In some wild ungulates, such as the 
Indian blackbuck antelope (Antelope cervi-
capra) (Sontakke et al., 2009), scimitar-horned 
oryx (Oryx damma) (Roth et al., 1999), Mohor 
gazelle (Gazella dama mhorr) (Holt et al., 1996a) 
and gerenuk (Litocranius walleri walleri)
(Penfold et al., 2005), semen collection and 
cryopreservation, and AI using frozen semen, 
have been successful in producing offspring. 
Some of the most commonly used cryodilu-
ents (extenders) are Berlinger, TEST, Tris, EQ 
(equine extender) and yolk-citrate buffers. 
The cryoprotectants of choice still generally 
contain 4–8% glycerol or 6–8% DMSO (Holt, 
2001). Cryopreservation of elephant sperm 
has been particularly troublesome, and the 
low success rate has been a significant barrier 
to genetic management of this globally managed 
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species. Recently, though, due to breakthroughs 
including the cushioned centrifuge, careful 
dilution techniques and the advent of direc-
tional freezing, sperm viability post thaw has 
been achieved (Saragusty et al., 2009).

In captivity, several species exhibit a gen-
der skew in offspring, usually towards males. 
Sex ratios are known to be skewed in wild 
populations, although evaluation of the fac-
tors that cause this is still largely unknown 
(Berger and Gompper, 1999). Gender skews 
present specific management challenges in 
captivity, and while research continues on the 
potential causes, ARTs provide an opportunity 
to resolve these challenges. Flow cytometric 
cell sorting allows for the separation, cryo-
preservation and use of X versus Y popula-
tions of spermatozoa ( Johnson, 1995; Johnson 
and Welch, 1999). As with many animals, 
most ungulates only have 3–4% difference in 
the emitted fluorescence of X-bearing and 
Y-bearing spermatozoa after excitation, and 
specialized equipment is still required to ori-
ent the sperm head correctly to allow sorting. 
So even obtaining a small sample requires 
considerable time and resources. Increasingly 
efficient equipment that is capable of sorting 
cells by their morphological attributes with-
out the use of stains may enable the potential 
applications of these techniques to develop in 
the near future.

Rodents

Knowledge of laboratory rodents such as 
mice, rats, hamsters, gerbils and rabbits has 
advanced beyond that of most other species 
in the field of reproductive biology; from 
basic physiology to endocrinology, genetic 
markers, proteomics and molecular signal-
ling. Studies in non-domestic or non-laboratory 
rodents are still sparse, even though they are 
one of the most successful and widespread of 
the mammalian orders.

Like many wild mammalian species, most 
rodents respond to seasonal changes and 
adjust their reproduction according to photo-
period. Semen collection by EE from wood-
chucks (Marmot monax), has shown seasonally 
sperm-rich samples (Concannon et al., 1996). 

Even in the blind mole rat (Spalax ehrenbergi), 
fluctuations in testosterone levels and produc-
tion of spermatozoa are mediated by photo-
period (Gottreich et al., 2000). Colonies of the 
naked mole rats (Heterocephalus glaber) are 
well known to use social suppression to con-
trol female reproduction. Social suppression 
of males was reported to be less rigorous 
where both breeding and non-breeding 
males produced spermatozoa (Faulkes and 
Abbott, 1991). The success of the order Rodentia 
is partially attributed to its rapid and highly 
adaptable breeding mechanisms (even within 
one genus such as the mole rats) and the wide 
range of breeding strategies that are governed 
by a multitude of environmental and physio-
logical cues.

Many muroid rodents have evolved a 
falciform sperm head, where an apical hook 
is located on the proximal region of the head 
(Breed, 2004). This apical hook has been 
implicated in the facilitation of sperm trans-
port in the female reproductive tract and 
sperm competition (Roldan et al., 1992). 
Moore et al. (2002) reported interesting obser-
vations of spermatozoa from the common 
wood mouse (Apodemus sylvaticus), where 
over hundreds and thousands of spermato-
zoa formed groups or ‘trains’ that signifi-
cantly increased sperm motility through the 
oviduct before dispersing for fertilization. In 
house mice (Mus musculus and M. domesticus),
the apical hook is said to assist the formation 
of motile sperm bundles (Immler et al., 2007).

Phylogenetic differences can also be seen 
in sperm physiology. Sperm chromatin 
undergoes reorganization during spermato-
genesis into a tightly packed nucleus (Oliva, 
2006). The ratios of protamine 1 to protamine 2 
that enable the stabilization of the reorgan-
ized sperm nucleus are species specific. In the 
rodent, the ratio varies from 50:1 to 1:1.5 from 
the Rattus genus to the Mus genus, respec-
tively (Corzett et al., 2002). One of the great-
est differences in sperm nuclear density 
occurs between the X and Y populations 
within the chinchilla (Chinchilla laniger) ejacu-
late (Johnson et al., 1989). Unlike many other 
mammalian species, including other rodents, 
where the X and Y DNA difference is approxi-
mately 3–4% separation, chinchilla sperma-
tozoa show a 7.5% separation between the 
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X and Y bearing spermatozoa detected by 
Hoechst staining (Johnson and Welch, 1999). 
These seemingly subtle differences, which 
cannot be observed by the human eye, have 
enabled much insight into the evolutionary 
differences between a highly successful order 
of animals and other taxa.

Cetaceans

Because of the challenges in obtaining sam-
ples from free-swimming wild cetaceans, lim-
ited research has examined seasonal changes 
in circulating hormone concentrations in 
male cetaceans. Testosterone has been detec-
ted in fatty tissues and faecal samples of free-
ranging short-beaked common dolphins 
(Delphinus delphis) (Amaral, 2010) and North 
Atlantic right whales (Eubalaena glacialis)
(Rolland et al., 2005). Seasonal variation in 
serum testosterone has been quantified for 
captive beluga (Delphinapterus leucas), orca 
(Orcinus orca) and bottlenosed dolphin (Tursiops 
truncatus) (Robeck et al., 2005a; Robeck and 
Monfort, 2006; O’Brien et al., 2008).

Seasonality is observed in migratory 
cetaceans (e.g. most whale species) as well 
as in a number of dolphins and porpoises 
(Pomeroy, 2011). Whales predominately dis-
play a seasonal peak in mating during winter, 
while dolphins and porpoises are the oppo-
site, with peak breeding observed in summer 
months (Pomeroy, 2011). Reproduction in 
whales is generally tied to annual migration 
patterns, with the exception of orcas, which 
are known to produce sperm and to breed 
year round (Robeck and Monfort, 2006).

Semen has been collected in several cap-
tive cetacean species, predominately using 
operant training and manual stimulation 
(Robeck et al., 2004, 2009; O’Brien and Robeck, 
2006; O’Brien et al., 2008). EE has been used to 
collect semen from the bottlenosed dolphin 
(Fleming et al., 1981). Continual spermato-
genesis has been confirmed in captive orca 
and beluga, but beluga exhibit seasonal 
variations in ejaculate size and sperm con-
centration (O’Brien et al., 2008). In captive 
Pacific white-sided dolphin (Lagenorhynchus 
obliquidens), spermatozoa have been confirmed 

only in ejaculates collected between July 
and October, so provide evidence of a more 
restricted breeding season than that obser-
ved for other cetaceans (Robeck et al., 2009). 
Similarly, ejaculates are unobtainable or asper-
mic during winter months in captive bottle-
nosed dolphins, which corresponds with 
seasonal changes in serum testosterone 
(Schroeder and Keller, 1989).

Even though studies on sperm cryo-
preservation are limited by skill base and 
access to animals, significant progress has 
been made in some species. This knowledge 
has been directly applied to population man-
agement. For instance, offspring have been 
produced after AI using cryopreserved sperm-
atozoa in Pacific white-sided dolphin, beluga 
and orca (Robeck et al., 2004, 2009, 2010; 
O’Brien et al., 2008). In the bottlenosed dol-
phin, live births have resulted from AI using
liquid-stored, frozen–thawed and sex-sorted 
spermatozoa (Robeck et al., 2005b; O’Brien 
and Robeck, 2006).

Reptiles

The most primitive amniotes throughout the 
animal kingdom are the members of the order 
Reptilia. Unlike fish and amphibians, this 
order universally uses internal fertilization 
and produces offspring independent of water. 
The differences in reptilian gonads are gener-
ally minor, even between oviparous and 
viviparous species (Mulaik, 1946). The repro-
ductive tract resembles that of eutherians; 
however, the reproductive ducts are gener-
ally similar to those of amphibians (Risley, 
1940). The primordial gonads have two 
defined zones – cortex and medulla. Sexual 
differentiation occurs with the development 
of one zone and the atrophy of the other 
under the influence of sex hormones. 
Relatively long periods of juvenile hermaph-
roditism, primarily in Chelonians, an inher-
ent bisexual nature and adult sexual 
hermaphroditism occur naturally in several 
reptile species (Dodd, 1968).

Semen collection and histological exami-
nations document spermiogenesis and allow 
semen evaluation of spermatozoa of snakes 
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(Esponda and Bedford, 1987; Zacariotti et al.,
2007), chelonians (Al-Dokhi et al., 2007), caimans 
and common lizards (Tropidurus itambere)
(Ferreira and Dolder, 2003). Generally, reptiles 
have filiform, pencil-shaped, spermatozoa 
(Furieri, 1970). Among the vertebrate taxa, 
reptilians have one of the most remarkably 
stable and extended periods of sperm storage 
naturally within the storage organ of the 
female reproductive tract (Birkhead and 
Moller, 1993). Sperm storage enables the 
reproductive cycles of the male and female to 
be asynchronous, as copulation and fertiliza-
tion may be separate events. In turn, copula-
tion frequency may be reduced, decreasing 
predation risk and enabling reproduction 
when potential mates are scarce, and increasing 
the opportunity for female mate choice 
(Birkhead and Moller, 1993). In lizards, sperm 
storage also allows for the selection of sperm-
atozoa or embryos in the female reproduct-
ive tract to skew the production of offspring 
towards the gender with the greatest likeli-
hood of survival (Olsson et al., 2007).

With over 300 species of threatened rep-
tilian species globally, genome resource 
banking is urgently required, but successful 
cryopreservation of reptilian spermatozoa is 
yet to be reported. The common cryopro-
tectant, glycerol, is reported to be toxic to 
sperm, but AI in snakes and alligators has 
been successful with the use of fresh semen 
(Watson, 1990).

Marsupials

Some marsupials have the potential to breed 
year round, though most display varying 
degrees of seasonality and semelparity. Male 
semelparity is characterized by complete and 
permanent spermatogenic failure, which in 
its most extreme form concludes with abrupt 
post-breeding season mortality (Lee et al.,
1977; Bradley, 1987). Marsupial male repro-
ductive tracts are simple, comprising limited 
accessory sex glands, specifically one to three 
pairs of Cowper’s glands and a carrot-shaped 
prostate with distinct segmentation, which 
varies between family groups (Rodger and 
Hughes, 1973; Rodger, 1976; Bedford, 2004). 

In marsupials, the major source of seminal 
fluid is the prostate. The glandular lumen of 
the posterior prostate produces prostatic bod-
ies or large globular spheres, a component of 
the seminal fluid that appears to be similar to 
human prostasomes (Rodger and Hughes, 
1973). Attempts to separate prostatic bodies 
from spermatozoa using centrifugation have 
failed and, although it is assumed that they 
may aid in the protection and viability of the 
spermatozoa, the role of the prostatic bodies 
in marsupial ejaculates is poorly understood.

Penile morphology varies among marsu-
pial species, but is characterized by the 
unusual pre-penile location of the scrotum 
(Woolley and Webb, 1977). A number of mar-
supials (koala, Phascolarctos cinereus; southern 
hairy-nosed wombats, Lasiorhinus latifrons;
kowari, Dasyuroides byrnei; and mulgara, 
Dasycercus cristicauda, for example) have min-
ute epidermal penile spines (Brooks et al.,
1978; Woolley, 1978; Johnston et al., 2000b). 
Penile spines are common in felids that are 
reflex or induced ovulators (Wildt et al., 1980). 
To date, the koala is the only marsupial that 
has been identified as a reflex ovulator, but 
triggered by chemical rather than mechanical 
stimulation (Johnston et al., 2000b). Across 
dasyurids, all species in the Dasyurus and 
Myoictis genera, and two of the Antechinus
species (A. apicalis and A. macdonnellensis),
have a unique penile appendage that extends 
from the dorsal aspect of the penis, which cre-
ates a bifid penis (Woolley and Webb, 1977). 
The functional significance of this appendage 
is unknown.

Marsupial spermatozoa undergo bio-
chemical and functional maturation during 
transit through the epididymis (Harding 
et al., 1982). Morphological changes that occur 
during epididymal transit include: (i) realign-
ment of the head from perpendicular to paral-
lel orientation in relation to the midpiece – with 
the exception of the koala and wombat; 
(ii) development of the midpiece plasma 
membrane and mitochondrial network; 
(iii) reorganization and compaction of the 
acrosomal matrix to the dorsal nuclear sur-
face; and (iv) loss of the cytoplasmic droplet 
(Harding et al., 1982; Temple-Smith, 1987). 
While variations exist between family groups, 
marsupial spermatozoa are generally longer 
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than those of eutherians (ranging from 83 mm
in the koala to 271 mm in the brown antechi-
nus, A. stuarii) (Cummins and Woodall, 1985; 
Taggart, 1994). Marsupial spermatozoa exhibit 
nuclear flattening in the plane of the mid-
piece, and the neck of the midpiece inserts 
into the central region of the ventral surface 
of the sperm head (Hughes, 1965; Taggart, 
1994). The koala and wombat have the 
only marsupial spermatozoa that do not 
exhibit nuclear flattening, as a result of the 
unique ‘hook’ shape of the head (Johnston 
et al., 1994).

Sperm conformation may influence 
motility patterns as marsupial midpieces 
range from circular to flattened (dorsoven-
trally), influencing the arrangement of the 
mitochondria and dense outer fibres (Taggart, 
1994). Possum and opossum sperm motility 
features sperm pairing with fusion at the 
head, which occurs during maturation in the 
epididymis (Temple-Smith, 1987; Taggart, 
1994). The pairing may assist in efficient 
transport and aid in protecting the acrosome 
during sperm movement through the female 
reproductive tract. Although the number of 
spermatozoa in most marsupial ejaculates is 
comparable to that of some eutherian species 
(in the order of 107 or 108), dasyurids and 
American marsupials exhibit an extremely 
low total epididymal reserve, ranging from 
105 to 106 spermatozoa (Bedford et al., 1984; 
Taggart, 1994).

Currently, the koala is the only marsu-
pial in which manual semen collection has 
been successful (Johnston et al., 1997b). EE 
under general anaesthesia has been used 
successfully for the collection and examina-
tion of spermatozoa in a variety of marsu-
pial species, including the tammar wallaby 
(Macropus eugenii) (Cummins, 1980), common 
(brush-tailed) possum (Trichosurus vulpecula)
(Rodger et al., 1991), koala (Johnston et al.,
1994), Matschie’s tree kangaroo (Dendrolagus 
matschiei) (Taggart et al., 1995), yellow-footed 
rock wallaby (Petrogale xanthopus) (Taggart 
et al., 1995), eastern grey kangaroo (Macropus 
giganteus) (Johnston et al., 1997a) and the 
common wombat (Vombatus ursinus) (Johnston 
et al., 2006).

Cryopreservation studies have been con-
ducted on several marsupial species, but 

freezing methodology and post-thaw motility 
is extremely variable between species. For 
example, a Tris-citrate-glucose (or fructose)-
egg yolk diluent is commonly used, but the 
choice of cryoprotectant ranges from 4–8% 
glycerol for wombats and bandicoots (Taggart 
et al., 1996), to 17.5% glycerol for possums 
(Molinia and Rodger, 1996) and up to 28% in 
southern hairy-nosed wombats (Taggart et al.,
1998). To date, successful sperm cryopreser-
vation with retention of a minimum of 40% of 
pre-freeze motility has only been achieved in 
the koala, common and Southern hairy-nosed 
wombat (Lasiorhinus latifrons), brushtail 
possum, bandicoot (Isoodon macrourus) and 
Tasmanian devil (Sarcophilus harrisii) ( Rodger 
et al., 1991; Molinia and Rodger, 1996; Taggart 
et al., 1996, 1998; Johnston et al., 2006; Zee et al.,
2008; Keeley et al., 2012). In some macropods 
at least, spermatozoa examined using a cryo-
microscope have shown remarkable tolerance 
to cooling, with changes in conformation of 
motility profiles and the maintenance of 
motility down to –7°C (Holt et al., 1999). 
Macropod spermatozoa re-warmed from 
–30 to 10°C showed a resumption of flagellar 
activity of up to 50%, but further re-warming 
was detrimental (Holt et al., 1999).

In the koala, cryopreservation is less effi-
cient, though chilled semen stored at 4°C has 
been shown to retain viability for over 8 days 
(Johnston et al., 2000a). Under these condi-
tions, viability and motility of approximately 
50–60% has been observed over a 5 week 
period (N. Satake, unpublished). Even though 
conception has been confirmed after AI using 
cryopreserved spermatozoa in the brushtail 
possum (Johnston et al., 2007b), the produc-
tion of live young subsequent to AI using 
liquid-stored spermatozoa has been achieved 
in only two species, the koala (Paris et al.,
2005) and the tammar wallaby (Johnston 
et al., 2003).

Monotremes

Reproductive behaviour in the short-beaked 
echidna (Tachyglossus aculeatus) features 
observations of extensive ‘trains’ of up to 
11 male echidnas following females in an 
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attempt to gain access for breeding, presum-
ably attracted by pheromones emitted by the 
oestrous female (Rismiller, 1992). Males are 
also known to be extremely promiscuous and 
will mate with females still in torpor (Morrow 
and Nicol, 2009). In the platypus (Orni-
thorhynchus anatinus), courtship behaviour 
can be quite extensive and may include the 
male biting the female’s tail and extensive 
chasing behaviour, all occurring in the water 
(Hawkins and Fanning, 1992). This behaviour 
is followed by several bouts of copulation 
that also occur in the water, but typically sup-
ported by a semi-submerged structure such 
as a log (Hawkins and Battaglia, 2009). 
Neither species breed readily in captivity.

Monotremes possess intra-abdominal 
testes, with the male reproductive tract includ-
ing an inconspicuous disseminate prostate 
and a single set of Cowper’s glands, which are 
both relatively small and therefore unlikely to 
provide substantial volume to the ejaculate 
(Carrick and Hughes, 1978; Jones et al., 2004). 
Breeding in the short-beaked echidna is sea-
sonal, occurring predominantly in the late 
Austral winter after a period of hibernation 
with cessation of spermatogenesis outside the 
breeding season (Carrick and Hughes, 1978; 
Jones et al., 2004). Monotreme spermatozoa 
are filiform with a long head (50 mm in 
echidna, 38 mm in platypus) and overall length 
of approximately 100–120 mm (Carrick and 
Hughes, 1978; Jones et al., 1992). The acrosome 
extends over the rostral end of approximately 
the first seventh of the nucleus (Carrick and 
Hughes, 1982; Djakiew and Jones, 1983). 
During epididymal maturation, short-beaked 
echidna spermatozoa form spheres with their 
rostral ends oriented towards the middle. The 
spermatozoa then reorient to form bundles 
of 20 to >100 individuals, roughly parallel to 
each other, a form of cooperation that may 
increase survival or aid in sperm competition 
(Djakiew and Jones, 1983; Jones et al., 1992, 
2004; Johnston et al., 2007b).

Viable spermatozoa have been collected 
in the echidna by manual stimulation only 
(Johnston et al., 2007a). All other descriptions 
have been obtained through the examination 
of reproductive tissues post-mortem. The 
penis of both the echidna and platypus are 
unique and distinctive. The platypus penis is 

covered with recurved spines with a bifid 
glans penis, which extends into two bulbous 
branches, each with four divided urethral 
ducts terminating with foliate papillae (Carrick 
and Hughes, 1978). In contrast, the bifid glans 
penis of the echidna is divided into four ure-
thral branches, each of which terminate in 
‘a flower-like rosette’ (Carrick and Hughes, 
1978) (Plate 61). In both cases, the penis serves 
as a reproductive organ only, and retracts into 
a preputial sac adjacent to the cloaca when not 
in use (Carrick and Hughes, 1978; Jones et al.,
1992). Natural ejaculation has been observed 
in a captive short-beaked echidna and involves 
the retraction of one side (two of the four 
rosette openings) of the bifid penis and con-
current engorgement of the alternate side and 
the pooling of semen into the cups of the erect 
rosettes (Johnston et al., 2007b). Ejaculation 
alternates from one side of the penis to the 
other, but it is unknown whether this also rep-
resents alternative contributions from the 
epididymides (Johnston et al., 2007b).

Avids

Birds, like some reptilian and fish species, 
determine the sex of their offspring using the 
ZW sex-determination system (Smith et al.,
2007). So the ovum, rather than the spermato-
zoon determines the gender of the offspring. 
Almost all male non-domestic birds produce 
spermatozoa seasonally. Unlike mammalian 
species, many avian species also possess 
sperm storage organs, which increase the 
intricacy of sperm transport from the vagina 
to the oviduct (Bakst et al., 1994). Thus, artifi-
cial insemination techniques using vaginal 
insemination pose more challenges. One 
important signalling mechanism known to 
control sperm motility is the regulation of 
intracellular calcium concentrations. Within 
the sperm storage organs of chickens, quails 
and turkeys, it is known that 17–19 mM of 
calcium occurs naturally, and inhibits sperm 
motility (Holm et al., 2000). Further research 
must be conducted on these characteristics to 
provide insight into species biology and to 
allow for the development of ARTs.

Avian semen collection, extender compo-
sition and sperm cryopreservation techniques 



462 R. Spindler et al.

have been described in domestic fowl for 
over 50 years (Polge, 1951). In chickens, the 
combination of glycerol or dimethyl forma-
mide with trehalose appears to be the most 
efficient cryodiluent (Terada et al., 1989). 
However, it is unlikely that a standard cryo-
preservation technique for all avian species 
will be developed owing to the particularly 
wide range of membrane lipid composition 
and a propensity in many species for sperm 
membranes to become rigid during the 
cryopreservation process (Blesbois et al.,
2005). A high seminal pH may also have a 
negative effect on the quality of cryopre-
served spermatozoa post thaw in pheasants 
(Saint Jalme et al., 2003).

In non-domestic avian species, sperm cryo-
preservation methods use glycerol and DMSO 
as the preferred cryoprotectant. In the northern 
pintail (Anas acuta), short-term preservation in 
cold storage was shown to be more effective for 
preserving fertility in waterfowl species 
(Penfold et al., 2001). Offspring have been pro-
duced from a number of non-domestic avian 
species through AI using cryopreserved sperm-
atozoa; for example the greater sandhill crane 
(Grus canadensis tabida) (Gee et al., 1985), 
American kestrel (Falco sparverius) (Gee and 
Sexton, 1990) and bustard (Otidae) (Samour, 
2004). The importance of using species-specific 
protocols is clear in avian species, e.g. where 
modifications of cryodiluents to include a 
combination of dimethylacetamide and ATP 
benefit cryosurvival of turkey and crane sperm-
atozoa (Blanco et al., 2011). There is currently an 
increased need for the use of ARTs, particularly 
of AI and genetic resource banks (GRBs), of 
avian species. The lack of adequate basic 
knowledge of ‘normal’ traits and highly vari-
able species-specific traits remain as a barrier to 
the efficacy of ARTs as a conservation tool 
(Blanco et al., 2009).

Amphibians

The basic amphibian male reproductive tract 
consists of the testes, vasa efferentia and vasa 
deferentia. The primordial gonads are double 
structures, in which the origin of the cortex 
and medulla are from the peritoneum and 
interrenal blastema, respectively. In males, 

the medulla is able to act as a host to primor-
dial germ cells for the production of testes. 
The male reproductive ducts of the two main 
amphibian orders, Urodela and Anura, are 
comparable. They consist of the efferent ducts 
of the testicular ampullae and the kidney 
genital segment. The ureter and vasa defer-
entia carry both urine and spermatozoa.

Hermaphroditism is uncommon in most 
amphibians; however, in Rana species, herm-
aphroditism is often observed and is a fea-
ture of individuals undergoing a transition in 
gender. Male reproductive cycles in amphibi-
ans are controlled by the changing ratios of 
basophils and acidophils within the pituitary. 
A change of ratio in favour of more basophils 
to more acidophils indicates a move into sex-
ual quiescence, whereas an increase in baso-
phils will indicate sexual activity (Dodd, 
1968). The ease with which male reproduc-
tion can be controlled through procedures 
such as castration, testicular transplantation 
and grafting, and the injection of testicular 
extracts and androgens, has allowed amphib-
ians to be useful subjects in studying repro-
ductive control mechanisms in vertebrates.

As in most taxa, the spermatozoa of 
amphibians vary greatly between species. 
Examples of head shape may be twisted cork-
screw like, cylindrical and spindle like (Asa 
and Phillips, 1988). Some spermatozoa may 
be extremely long, such as the 3 mm sperm-
atozoa of Discoglossus spp. Spermatozoa of 
Rana spp., Bufo spp. and Discoglossus spp. 
have defining sperm morphology, including 
conical subacrosomes with separate sheaths 
and undulating tail membranes (Frazer and 
Glenister, 1957), which may affect cryosur-
vival. Anuran species spermatozoa, although 
having short-lived viability, have an incredi-
ble ability to withstand hypotonic environ-
ments due to the deposition of semen into 
fresh water during natural breeding.

Amphibians were the first taxa to be 
cloned in the 1950s, and protocols exist for the 
cloning of common laboratory species such as 
Rana and Xenopus (Gurdon and Byrne, 2003). 
Within these taxa, reproductive cloning may 
be a viable ART solution in the production 
and re-establishment of future populations of 
at least some of the 500 critically endangered 
amphibian species.
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Fish

Reproductive strategies vary greatly and to 
the extreme in fish species, including the fam-
ily Syngnathidae – seahorses and pipefish – 
in which the male accepts eggs from the 
female, fertilizes them and carries the 
embryos in a brood pouch. Many species are 
monogamous, resulting in low numbers of 
spermatozoa and limited possibilities for 
sperm competition (Watanabe et al., 2000). 
Spermatozoa of most species of fish, whether 
freshwater or marine fish, are immotile 
within the testes and seminal plasma (Stoss, 
1983). Stimulation of motility occurs when 
the sperm are ejaculated into the aquatic envi-
ronment or the female reproductive tract, 
where a change in ionic/osmotic/pH balance 
of the surrounding fluid initiates sperm cell 
membrane depolarization (Morisawa et al.,
1983; Alavi and Cosson, 2005, 2006). Then, 
usually by chemoattraction, spermatozoa 
will be directed to the micropyle of the oocyte.

Cryopreservation of fish spermatozoa 
currently remains the preferred routine tech-
nique for long-term storage, though success 
of this technique remains low (Stoss, 1983; 
Zhang, 2004; Hagedorn et al., 2009). The sperm-
atozoa of freshwater species are still greatly 
susceptible to damage after cryopreservation 
(Hagedorn et al., 2009), whereas the suscepti-
bility to damage in marine species is in the 
range of 10–20% only (Kopeika et al., 2007). 
Recent advances in germ cell preservation 
and manipulations have started to address 
some of the problems associated with the pro-
duction of fish species. Transplantation and 
xenografting techniques, in combination with 
germ cell cryopreservation, are enabling the 
successful production of economically impor-
tant or endangered species of fish from sperm-
atogonial cells and surrogate recipients 
(Okutsu et al., 2006).

Genome Resource Banking:
‘The Frozen Zoo’

In the current era of the sixth great extinction, 
species are in decline at a rate never before 
witnessed (Steffen et al., 2007). Traditional 

methods of management will not be suffi-
cient to meet the growing demand for species 
management. Genetic resource banks (GRBs) 
hold collections of any genetic material that 
is viable for the potential production of 
embryos, whether it is made up of gametes, 
somatic cells or tissues. In the domestic ani-
mal production industry, this type of resource 
has been a well-integrated source of genetic 
and animal management for over 50 years, 
and has developed with the vast improve-
ments in technological equipment now 
available. GRBs of frozen spermatozoa, and 
the use of such specimens in tandem with AI, 
are still the most practical application of 
ART in non-domestic animal populations 
(Holt et al., 1996b).

The potential application of GRBs to 
wildlife conservation strategies was recog-
nized in the 1970s (Watson, 1978), and has 
progressed significantly over ensuing dec-
ades (Holt et al., 2003). The conservation of 
biodiversity requires the avoidance of 
inbreeding and minimization of the random 
drift effect, particularly in small populations. 
To maintain a GRB at an effective level, sam-
ples stored for extended periods of time must 
be assessed in line with breeding plans and 
genetic gain. Due to the difficulties in obtain-
ing, transporting and using material from 
rare species, GRBs are not a commonly used 
tool in wildlife conservation and manage-
ment. A well-managed GRB will enable effi-
cient management of genetic variability 
within small insurance populations of endan-
gered species. The storage, transfer and use of 
such samples will also enable close inspection 
and prevention of transmissible diseases, 
thus managing and improving the biological 
viability of populations.

The Frozen Ark Project, established in 
2004 jointly by the Zoological Society of 
London, the Natural History Museum and 
the University of Nottingham in the UK, is 
now a global consortium encompassing a 
wide range of research institutions, each 
contributing knowledge and resources with 
respect to their focal species, tissue/cell 
type and techniques (Watson and Holt, 
2001). Organizations that hold a wide range 
of captive animals, such as zoos, wildlife 
parks and aquariums, are incorporated into 
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the consortium to conserve the maximum 
genetic materials available, and to advance 
research opportunities and apply research 
findings to propagation and management 
using ART.

This consortium has demonstrated great 
promise and there is now a need for a con-
certed effort to ensure that gaps in the consor-
tium are filled. A globally linked, cooperatively 
managed GRB is a necessary step towards 
storing globally representative samples of 
priority wildlife species (Wildt, 1997). These 
samples would provide particular opportuni-
ties to facilitate genetic exchange across bor-
ders and geographic barriers, readjust gender 
skew in captive populations, reduce the 
impacts of mate incompatibility or incom-
petence, and reduce the risk of disease trans-
mission (Loskutoff et al., 2005). There remain 
logistical, political and resource barriers to 
the realization of such a system; however, sig-
nificant progress has been made in some taxa, 
and our capacity and knowledge in this area 
continue to grow through the efforts of many 
scientists.

Conclusion

While females are often the rate-limiting 
resource for population growth, understand-
ing male reproductive physiology is critical to 
understanding the impacts of environmental 
change and optimizing the reproductive 
management of wildlife species. It is already 
clear that the diversity of reproductive strate-
gies found among wildlife species is exten-
sive, and with further study, unique and 
fascinating mechanisms will undoubtedly be 
discovered. Even species within the same 
family often have unique strategies, sensitivi-
ties and tolerances, making the extrapolation 
of knowledge and techniques from one spe-
cies to another fraught with difficulties and 
poor results. So, although generalizations 
across such a wide range of taxa are not advis-
able, this chapter has provided some infor-
mation on male reproductive characteristics 
across wildlife species and explored some of 
the more interesting strategies and attempts 
at manipulation to manage populations and 
optimize reproductive health.
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Introduction

Male animal contraception is considered 
desirable in many animal management 
contexts. Examples include wild and dom-
estic animal population control (Asquith 
et al., 2006), the control and management 
of individual animals, and assisting in 
the management of breeding programmes. 
As a minimum, effective male contraception 
should either block sperm production, or 
interfere with the ability of sperm to reach or 
to fertilize an oocyte (Hogarth et al., 2011). 
The primary contraceptive effect may be cou-
pled with requirements to modify secondary 
sex characteristics and behaviour, as the 
situation dictates.

Essential requirements for methods of 
male contraception include effectiveness 
and safety. More specific requirements may 
include options such as reversibility, and 
whether or not the technique allows the main-
tenance of male physiological processes, behav-
iour and social structure (Spay Neuter Task 
Force, 2011). When designing a suitable male 
contraceptive, there is a need to consider 
the health and safety of the animal, human 
health and safety, and the specific require-
ments of animal caretakers. This means that 
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it is unlikely that there will be one universally 
acceptable method of male contraception and 
that a number of different options should be 
available (Bowen, 2008).

For many contraceptive techniques, the 
procedure is coupled either directly or indi-
rectly to a reduction in the concentrations of 
circulating sex steroids. A reduction in circu-
lating testosterone concentrations has nega-
tive effects on libido, male secondary sex 
characteristics, psychotropic effects, protein 
anabolism, bone structure and haematopoie-
sis (Neischlag et al., 2004). These effects may 
be seen as beneficial in reducing undesirable 
meat qualities such as boar taint in pork, male 
territorial behaviour and modification of gen-
eral behaviour to improve human safety 
while handling and training. However, in 
some contexts, such as for athletic animals 
and the production of lean beef, the reduction 
in sex steroids associated with some forms 
of male contraception may be seen as a 
disadvantage.

This chapter will define the need for 
male contraception and explore current 
contraceptive options, with emphasis on 
non-surgical techniques. Male contraception 
will then be reviewed in a species-specific 
context.
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General Concepts

Before embarking on a review of male contra-
ceptive techniques, it is worthwhile defining 
some of the terminology involved. In this 
review, the term ‘contraception’ in the male 
refers to any procedure that prevents sperm-
atozoa achieving successful fertilization of 
the oocyte. In addition to immunological 
techniques, and procedures such as transec-
tion or occlusion of the ductus deferens, male 
contraception may involve inactivation of 
the gonads. Importantly, contraception com-
monly implies the possibility of reversibility 
(Munson, 2006). In contrast, castration is 
defined here as any process rendering a male 
incapable of reproduction through perman-
ent removal, destruction or inactivation of the 
gonads. Castration may be achieved by surgi-
cal, chemical or possibly immunological 
means, but to be considered as castration in 
this discussion, the technique must be irre-
versible. Permanency is an important aspect 
of the definition that provides a universal 
understanding that castration is not a revers-
ible procedure.

Male Contraception – 
Defining the Need

The application of male contraceptive tech-
niques is justifiable only if there are benefits 
to one or more of the following:

1. The welfare or management of the treated 
animal.
2. The welfare or management of an animal 
population.
3. The welfare or management of another 
species (including humans) that may be 
adversely affected by the treated animals.
4. The sustainability of a habitat that might 
otherwise be adversely affected by the treated 
animals.
5. Disease control within animal and human 
populations.

With these factors in mind, male contraception 
is most commonly undertaken to control ani-
mal populations, modify undesirable behav-
iour, modify secondary sex characteristics to 

assist with animal management and assist 
with disease control. There are also very spe-
cific applications for male contraception, such 
as teaser animals (i.e. a sterile male used for 
the purposes of eliciting sexual behaviour in 
the female) for the preparation of sheep, cattle 
and horses to assist with the management of 
breeding programmes.

Population control

Population control may have different end 
points depending on the context. In many 
instances, it specifically refers to efforts to 
correct or to prevent excessive animal num-
bers. However, in animal husbandry, popula-
tion control can relate to the close management 
of breeding in order to manipulate the timing 
of progeny production and/or the genetic 
make-up of the population.

Overpopulation can be problematic for 
both domestic and wild animal species. 
Domestic pet overpopulation is well recog-
nized, with estimates of between 10 and 
20 million unwanted dogs and cats being 
euthanized every year in the USA (Bowen, 
2008), and similar trends noted throughout the 
world (RSPCA, 2012). Other undesirable con-
sequences of pet overpopulation include the 
economic cost of animal control programmes 
to society, the potential for serious injuries 
being inflicted on other animals or humans, 
and sanitation problems in cities associated 
with animal faeces and urine. Depending on 
geographic location, there are significant 
overpopulation problems associated with 
many other animal species, including wild or 
feral horses, deer, elk, geese, pigs, possums, 
rabbits and elephants (Barfield et al., 2006).

There is also an annual loss of wild or 
feral animals due to starvation, being killed 
on roads, or death associated with fighting or 
hunting. Stray or wild animals on roads can 
pose a major risk to human safety. In coun-
tries where rabies is prevalent, stray dogs are 
important vectors of the virus, leading to the 
deaths of tens of thousands of people annu-
ally (Knobel et al., 2005).

Mating behaviour needs to be consid-
ered when assessing the potential for male 
contraception to assist with wild, or feral, 
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animal population control (Jewgenow et al.,
2006). Animal populations in which monoga-
mous breeding occurs, such as the fox, are 
more amenable to control by male contracep-
tive techniques. In contrast, contraception 
may be more effectively applied to the female 
of polygamous species such as the domestic 
cat (Jewgenow et al., 2006).

Situations may arise in zoological collec-
tions where otherwise endangered animals 
become overpopulated, resulting in the need 
to restrict or prevent further reproduction 
(Bowen, 2008). Control of the genetic make-
up of a zoological or production animal pop-
ulation, as well as the common managerial 
requirement to control when offspring are 
produced, are managed in many species by 
castration of excess males. This is usually 
complemented by the provision of suitable 
infrastructure to keep intact males and 
females separate until breeding is required. 
As castration is irreversible, the problem 
with this approach is that it permanently 
removes what may be genetically desirable 
individuals from the gene pool before they 
have had an opportunity to prove their value. 
These contexts provide the motivation to 
develop effective, but reversible, contracep-
tion and behaviour modification so that ani-
mals may be utilized safely, yet still retain 
breeding potential should they prove 
suitable.

Modification of behaviour

The sex steroids have profound effects on 
male behaviour (Senger, 2003), influencing 
social interactions, libido, aggression and 
territorial activity. Due to their anabolic, 
anti-inflammatory and behaviour-modifying
effects, there is the possibility that sex ster-
oids may also influence the feeling of well-
being in animals, which could affect athletic 
performance in species such as horses and 
dogs. Therefore, when developing contracep-
tive techniques in any species, the influence 
of the technique on the sex steroids and 
behaviour of the animal needs to be consid-
ered in conjunction with the husbandry 
under which the animal will be maintained. 
With techniques such as orchidectomy, sex 

steroid concentrations are permanently reduced 
and consideration may be given as to whether 
it is appropriate or legal to supplement ani-
mals with exogenous steroids if the retention 
of male behaviour is required.

Modification of secondary sex 
characteristics

Secondary sex characteristics are not directly 
associated with the reproductive system, but 
distinguish gender. Male characteristics vary 
widely depending on the species, with mani-
festations as diverse as: tusks in boars, varia-
tions in vocal range, spines on the penis in 
cats, manes in lions, scent glands, meat taint, 
the presence and size of horns or antlers, 
pheromone production, increased muscular 
development and, in birds, varied plumage. 
When considering a method of contraception, 
it is necessary to determine whether or not 
the maintenance of secondary sex characteris-
tics is desirable in a species. For example, 
boar taint in pork can adversely affect con-
sumer acceptance, and requires contraceptive 
methods to reduce sex steroid production. 
In contrast, the loss of secondary sex charac-
teristics in males of feral animal popula-
tions may leave them vulnerable to injury or 
traumatic death resulting from adverse social 
interactions with intact individuals, thus high-
lighting a need for contraception with retained 
production of sex steroids.

Influencing disease processes

The influence of contraception on disease 
processes is mainly associated with whether 
or not sex-steroid production is altered. There 
has been extensive research into the advan-
tages and disadvantages of removing the 
source of sex steroids in companion animals, 
with orchidectomy before puberty being a 
specific area of investigation (Howe et al.,
2000, 2001). While further studies are 
required, there are some emerging patterns 
that can be used to assist with the decision of 
whether, and when, to castrate an animal. 
Despite significant benefits with regard to 
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management and behaviour, studies are 
ongoing on the long-term effects of contra-
ceptive techniques that reduce the concentra-
tions of sex steroids. Some areas undergoing 
further assessment are urinary tract function, 
the timing of epiphyseal closure, and liga-
ment and tendon resilience. These studies 
also support the need to have contraceptive 
options available to allow context-specific
goals to be achieved.

Methods of contraception that reduce 
circulating concentrations of sex steroids can 
assist with disease control by preventing sex-
ually transmissible disease, by reducing ster-
oid hormone influence on specific tissues, or 
by modifying behaviour that may lead to 
traumatic injury. There are a number of dis-
ease conditions that may be positively influ-
enced by reduced concentrations of sex 
steroids, such as prostatic disease in dogs 
(Howe, 2006), and a reduced prevalence of 
injuries associated with territorial behaviour 
in various mammals (Hart, 1974). In the 
domestic situation, this is particularly rele-
vant to catfight wounds, but also has rele-
vance in production animal and equine 
contexts. Examples of sexually transmitted 
diseases that can be reduced or prevented 
by contraceptive methods preventing copu-
lation include: transmissible venereal tumour 
and brucellosis in dogs; campylobacteriosis 
and trichomoniasis in cattle; and contagious 
equine metritis and coital exanthema in 
horses.

From the aspect of human health, the 
control of feral animal populations can lead 
to a reduction in the prevalence of bite injur-
ies and of many zoonotic diseases, such as 
rabies, leptospirosis, Q fever, toxoplasmosis 
and other parasitic infestations (Golden, 2009; 
Spay Neuter Task Force, 2011).

Contraception Based on 
Surgical Techniques

Surgical castration and contraceptive tech-
niques in the male consist of: the destruction 
or removal of the gonads; occlusion or 
removal of a portion of the excurrent duct 
system (most commonly vasectomy, but also 
epididymectomy); methods of redirecting or 

restricting the penis to prevent intromission; 
or amputation of the penis. This section will 
focus on orchidectomy and vasectomy only.

Orchidectomy

Currently, the most reliable method of sterili-
zation for male animals of most species is to 
physically disassociate the vascular supply 
from the testicles. This requires the testicles to 
either be removed or rendered atrophic, and 
can be achieved by open or closed techniques. 
The result is the generally desirable combina-
tion of infertility, behaviour modification 
and, where applicable, improvement in con-
sumer acceptance of meat products. While 
these techniques are reliable and well toler-
ated, it should be noted that in a field situa-
tion, care should be taken with animals 
exhibiting conditions such as cryptorchid-
ism or inguinal herniation. As with all sur-
gical procedures, there may be complications 
associated with restraint, anaesthesia, infec-
tion, haemorrhage and cutaneous myiasis. It 
appears that fewer complications are encoun-
tered when the procedure is performed on 
younger animals, and this is reflected in the 
policy documents and legislature of many 
jurisdictions, where it is recommended that a 
higher level of skill and facilities is required 
for surgical castration as animals get older. 
For species in which the surgery is per-
formed in the field, cool, dust-free environ-
ments are desirable in order to reduce wound 
contamination.

As a summary, there are four physical 
methods that are utilized to destroy or 
remove the testicles. These are:

• Orchidectomy via a scrotal or para-
scrotal incision, which is applicable to 
males of most species.

• Closed constriction of the vascular 
supply to the testicles utilizing elastic 
(Elastrator®) rings, as are commonly 
used in young production animals.

• Closed crushing of the vascular supply 
to the testicles utilizing a Burdizzo®

device, as used in cattle.
• Closed crushing of the vascular supply 

utilizing a tension banding technique 
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(Calicrate®), which has been used in 
older cattle. This technique is not recom-
mended owing to the risk of incomplete 
compression of the blood supply, leading 
to possible life-threatening complica-
tions (Newman, 2007).

Advantages

Surgical castration is currently perhaps the 
most common form of contraception used for 
male animals, regardless of animal species or 
animal management context. This is true in: 
the cattle industry (Coetzee et al., 2010); the 
pig industry, in which, with the exception of a 
few European countries and Australia, male 
pigs generally undergo orchidectomy at a 
very young age (Bonneau and Enright, 1995); 
dogs and cats, where orchidectomy is the 
most common method of male contraception 
(Bowen, 2008); and the horse industry (Reilly 
and Cimetti, 2005), where there is a require-
ment for both contraception and the behav-
iour modification of most males. The main 
advantage of this technique is that permanent 
contraception can be guaranteed when per-
formed by an experienced operator.

Due to the widespread use of surgical 
castration techniques within each industry, 
there are generally adequate numbers of 
experienced operators to competently per-
form the procedure in a humane manner. 
With species variation, orchidectomy is also 
beneficial in reducing the prevalence of dis-
eases such as prostatic hyperplasia, testicular 
tumours and sexually transmissible diseases.

Disadvantages

Surgical castration is labour intensive, can 
cause morbidity and mortality, is stressful to 
the animal (Von Waldmann et al., 1994), and 
there are ethical and animal welfare concerns 
(Bonneau and Enright, 1995; Coetzee et al.,
2010). Importantly, as with all surgical proced-
ures, there are inherent costs and risks asso-
ciated with restraint, anaesthesia and surgery. 
In some production contexts, the removal of 
the source of sex steroids creates economic 
disadvantages, as intact males are usually 
more feed efficient and leaner than castrated 
animals (Bonneau and Enright, 1995; Oonk 

et al., 1998). Because intact males have better-
feed efficiency, avoiding the loss of sex ster-
oids associated with castration may also 
significantly reduce the amount of biological 
pollutants excreted by production animals 
into the environment.

The adverse effects of castration on 
growth and efficiency can largely be reversed 
by the administration of anabolic steroids, 
although this is not an option in many coun-
tries, where their use is banned; it also does 
not solve the ethical and welfare concerns 
that are associated with surgical castration. 
So the challenge is to reduce management 
and meat quality concerns and, at the same 
time, maintain the advantages of intact ani-
mals (Bonneau and Enright, 1995).

In control programmes for the feral ani-
mal population, orchidectomy may not be 
practical and the loss of male behaviour asso-
ciated with removal of the gonads may have 
an undesirable influence on social dynamics 
and territorial behaviour (Jewgenow et al.,
2006). This may adversely affect the well-
being of individual animals, as well as inter-
fering with the effectiveness of population 
control methods that require sterile but sexu-
ally active males.

Vasectomy

In veterinary terminology, the duct leading 
from the tail of the epididymis to the amp-
ulla or pelvic urethra is described as the 
deferent duct, or ductus deferens (Senger, 
2003). However, in human terminology, it is 
described as the vas deferens, and remnants 
of this terminology associated with surgical 
or manipulative procedures have persisted 
within the veterinary literature. Thus, surgi-
cal vasectomy refers to bilateral removal of a 
portion of the ductus deferens, rendering the 
animal sterile by preventing sperm from 
being ejaculated during copulation (Johnston 
et al., 2001a). A technique resulting in a simi-
lar outcome, but not technically a vasectomy, 
is ductal occlusion.

The procedure for vasectomy in many 
species is well described (Boundy and Cox, 
1996; Johnston et al., 2001a,b). In dogs and 
cats, vasectomy can be performed through a 
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1–2 cm incision located in the inguinal region 
of the dog, or located cranial to the scrotum in 
cats (Johnston et al., 2001a,b). In sheep, a 4 cm 
vertical incision is made over the left and 
right spermatic cords on the cranial surface of 
the neck of the scrotum (Boundy and Cox, 
1996). Following skin and subcutaneous inci-
sion, the spermatic cords are identified, sepa-
rated and exteriorized from the tunic using a 
combination of blunt and sharp dissection. 
Traction and manipulation of the testicle can 
be helpful in identifying the spermatic cord 
and ductus deferens. Following isolation of 
the ductus deferens, a segment of the ductus 
is removed and the proximal and distal sev-
ered ends of the ductus are ligated. Success of 
the procedure can be confirmed by submis-
sion of the excised tissue for histological 
assessment (Johnston et al., 2001a). Vasect-
omy may also be performed laparoscop-
ically by occlusion of a segment of ductus 
using bipolar forceps and electrocoagulation 
(Mahalingam et al., 2009).

Studies have reported azoospermia to 
occur from 2 to 21 days in the dog following 
bilateral vasectomy (Pineda et al., 1976; Schiff 
et al., 2003), and within 1 week in rams 
(Boundy and Cox, 1996). This is relatively 
quick compared with cats, in which live 
sperm have been identified for up to 49 days 
following pre-scrotal vasectomy (Pineda and 
Dooley, 1984). Variations in the duration from 
vasectomy to azoospermia is associated with 
sperm storage capacity and the presence or 
absence of accessory sex glands such as the 
seminal vesicles (Schiff et al., 2003), which 
may produce secretions to support sperm 
viability for a short duration.

Advantages

Vasectomy is a well-developed method for 
permanent contraception, which has been 
applied to pets in order to eliminate repro-
ductive potential while retaining their tes-
ticular function. In humans, methods for 
successful reversal (vasovasostomy) are well 
documented (Bowen, 2008), and these tech-
niques have been transferred into animal con-
texts. This provides the possibility of a return 
to fertility should genetic worthiness be iden-
tified subsequent to contraception. There is 

limited data from animals, but pregnancy 
rates following vasovasostomy in humans 
are estimated at 60% if the vasectomy was 
performed less than 5 years before reversal 
and 40% if performed more than 5 years from 
the original surgery (Barfield et al., 2006).

In the veterinary context, vasectomy is a 
relatively quick procedure, but still requires 
general anaesthesia in companion animals. 
Vasectomy of dominant males has been 
suggested as a method of feral cat popula-
tion control (Howe, 2006), as vasectomized 
dominant tomcats can prevent submissive, 
intact toms from inseminating non-spayed 
females, and can reduce receptivity in queens 
by inducing periods of pseudopregnancy. 
In sheep, vasectomy is an ideal contraceptive 
choice when preparing teaser rams to assist 
with artificial breeding programmes, as it is a 
quick procedure and allows the required 
male behaviour to remain unaltered (Boundy 
and Cox, 1996). There is also application for 
vasectomy or ductal occlusion in captive ani-
mals, and the successful vasovasostomy of a 
zoo animal was confirmed when a bush dog 
at the St Louis Zoo in Missouri sired three 
healthy pups (Barfield et al., 2006).

Disadvantages

Despite the effectiveness of vasectomy as a 
contraceptive technique, most owners of 
domestic animals desire both contraception 
and behaviour modification for their pets. 
The persistence of male sex characteristics 
and behaviours after vasectomy may permit 
territorial fighting and androgen-dependent
conditions such as prostatic disease to 
develop (Johnston et al., 2001a). These consid-
erations, coupled with the fact that vasec-
tomy in dogs and cats either costs the same as 
or, commonly, is more expensive than castra-
tion means that it is rarely practised in domes-
tic species (Bowen, 2008). In a wild, or feral 
animal context there is a significant disadvan-
tage in vasectomy owing to the need to cap-
ture, transport, anaesthetize and release 
animals.

Although the testes are immunologically 
shielded by the blood–testis barrier, any situ-
ation such as trauma or physiological stress 
that may allow the production of anti-sperm
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antibodies (ASAs) to spermatozoa can lead to 
undesirable testicular pathology. These con-
ditions can occur as a result of vasectomy. 
In human studies, a large proportion of vasec-
tomized men have ASAs in their serum and 
this has been associated with an increased 
risk of epididymitis, orchitis and varicocele 
(Skakkebaek et al., 1994). These conditions are 
not only problematic in their own right, but 
also reduce any potential for reversibility 
(Bowen, 2008).

Iatrogenic ‘high-flanker’ cryptorchidism

In cattle, there are anecdotal reports of placing 
rubber (Elastrator™) rings around the scro-
tum, distal to the testicles, to push them firmly 
up into the inguinal region; thereby produc-
ing an iatrogenic, bilateral, ‘high-flanker’ 
cryptorchid. While there are no published 
studies reporting the effectiveness of this tech-
nique, placing the testicle close to the abdomi-
nal wall will ensure a sustained increase in 
testicular temperature compared with the 
normal scrotal position. A prolonged increase 
in temperature should adversely affect sperm-
atogenesis but maintain testosterone produc-
tion. Risks associated with this technique 
include wound dehiscence, clostridial infec-
tion and variable effectiveness.

Contraception Based on Non-surgical 
Castration and Ductal Obstruction

Non-surgical approaches to physical destruc-
tion of the testicles have been based on injec-
tion into the testes of a variety of materials 
that induce tissue destruction, orchitis and 
fibrosis. Other targets for blocking sperm 
flow include the epididymides and the duc-
tus deferens. Numerous sclerosing agents 
have been injected into the tail of the epi-
didymis to induce blockage of the tubules 
and subsequent azoospermia. Physical devices 
or chemical compounds have also been used 
to block the ductus deferens. Basic welfare 
requirements for any chemical injected into 
the testes, epididymides, or ductus deferens 
should be that they are non-mutagenic,

non-carcinogenic, non-teratogenic and induce 
minimal pain.

Ductal obstruction

Methods of obstructing the ductus deferens 
can be divided into two broad categories: 
extravasal and intravasal techniques. For 
blocking the epididymides, sclerosing agents 
have most commonly been utilized.

Extravasal methods of obstructing the 
ductus deferens involve the placement of a 
device, such as clips or a suture, around the 
ductus deferens in order to cause occlusion. 
Extravasal techniques are not commonly 
used in humans owing to the difficulty in 
removing clips, which leads to inadequate 
restoration of fertility, where this is needed 
(Barfield et al., 2006). However, the require-
ment for reversibility may not be as relevant 
in animal species. Yet attempts to avoid sur-
gery by placing clips across the scrotal skin to 
occlude the ductus deferens have proven inef-
fective and traumatic (Barfield et al., 2006).

Intravasal methods of ductal obstruction 
include the use of injectable silicone, cylin-
drical plugs, spherical and polypropylene 
beads, threads of silicone or suture material. 
Unfortunately, none of these techniques can 
sustain effective long-term sperm obstruction 
without generating fibrosis or perforation. 
A ductus deferens valve was developed, with 
the goal of turning sperm flow on or off, but 
unfortunately reliable occlusion and prob-
lems with ductus perforation could not be 
overcome (Barfield et al., 2006). Percutaneous 
injection of sclerosing chemicals into the 
lumen of the ductus using compounds such 
as ethanol, silver nitrate, acetic acid and for-
maldehyde has been used as a non-reversible 
method of ductal occlusion in rats and dogs 
(Freeman and Coffey, 1973). While generally 
effective, there is a possibility of retrograde 
flow of the chemical to the testis, causing tes-
ticular atrophy (Barfield et al., 2006). This may 
or may not be a concern, depending on the 
context in which it is used and any need for 
reversibility.

A more recent male contraceptive tech-
nique that has been trialled in humans and 
Langur monkeys is described as reversible 
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inhibition of sperm under guidance (RISUG). 
RISUG involves the injection of styrene 
maleic anhydride (SMA), with or without the 
addition of dimethyl sulfoxide (DMSO), into 
the ductus deferens. The product provides 
contraception by physically blocking the 
lumen of the ductus deferens, but also acts by 
lowering the pH in the immediate vicinity 
and creating charge disturbances to sperm 
membranes (Mishra et al., 2003). This charge 
disturbance ensures that function is impaired 
in any sperm that may pass the blockage. In 
Langur monkeys, uniform azoospermia was 
achieved by the fourth month after RISUG 
treatment and lasted throughout the study 
(540 days) (Mishra et al., 2003). In a human 
study, lasting only 6 months, partial occlusion 
of the vas deferens was achieved in all men 
by 4 months, with the occasional appearance 
of sperm, sperm heads or immature germ 
cells in the ejaculate (Barfield et al., 2006). 
Further work is required to determine the 
effectiveness of RISUG in domestic species. 
A variation of the RISUG technique is a for-
mulation described as ‘smart’ RISUG, in which 
iron oxide and copper particles are dispersed 
into the original SMA-DMSO product (Jha 
et al., 2009). This formulation can be detected 
by radiology or magnetic resonance imaging 
(MRI) techniques, thus allowing localization 
if implant removal is being considered (Yan 
Cheng and Mruk, 2010). It also appears to 
provide improved spermicidal action over 
the original formulation of the RISUG prod-
uct, as magnetic iron particles have been 
shown to bind proteins, and the copper parti-
cles displace molecules on the surface of 
sperm (Yan Cheng and Mruk, 2010). Both of 
these actions of the particles therefore reduce 
sperm viability.

Zinc arginine (ZA) is one of the primary 
sclerosing agents that has been trialled for 
ductal obstruction of the canine epididymis, 
with the intra-epididymal injection of 50 mg 
of ZA (0.5 ml/testis) resulting in azoospermia 
within 90 days of injection (Fahim et al., 1993). 
ZA is used because it is considered to be 
non-mutagenic, non-carcinogenic, and non-
teratogenic (Fahim et al., 1993). Contraception 
by injecting ZA into the epididymis initially 
seemed quite promising in both dogs and cats 
(Pineda and Dooley, 1984; Fahim et al., 1993). 

Unfortunately, when applied more widely 
in the context of animal shelters, it was 
associated with a high incidence of serious 
inflammatory responses, and is not curren-
tly considered suitable for contraception in 
domestic species (Bowen, 2008). Despite this, 
the ZA formulation has been found to be suit-
able for intra-testicular administration to 
induce testicular degeneration, and its use for 
this purpose will be discussed further in the 
next section.

Induced Testicular Degeneration

Chemical methods of inducing 
testicular degeneration

Testicular degeneration can be chemically 
induced by a number of methods. These 
include the direct injection of a chemical into 
the testicular parenchyma, the administration 
of a chemical by the oral or parenteral route, 
and, more recently, the conjugation of cyto-
toxic agents to gonadotrophins. This section 
will focus on the induction of testicular 
degeneration by the intra-testicular adminis-
tration of chemicals.

Intra-testicular injections have been 
investigated as a method of inducing orchi-
tis, seminiferous tubule degeneration and 
male contraception since the 1950s (Freund 
et al., 1953). Injecting an adjuvant, such as 
Freund’s complete adjuvant (FCA) or Bacillus 
Calmette–Guérin (BCG), directly into the tes-
tis incites a local inflammatory response that 
enables lymphoid cells to gain access to the 
testicular tissue, resulting in an autoimmune 
response. A single intra-testicular injection of 
FCA, or 10–25 units of BCG, resulted in severe 
oligospermia or azoospermia without granu-
loma formation or the development of circu-
lating ASAs (Naz and Talwar, 1981). Other 
substances, such as glycerol formulations 
(Wiebe and Barr, 1984; Wiebe et al., 1989) and 
calcium chloride (Jana and Samanta, 2007) 
have been trialled as contraceptive agents. 
However, subsequent studies utilizing glyc-
erol have not supported an ongoing role for 
their use in contraception (Immegart and 
Threlfall, 2000). While there have been prom-
ising preliminary results from the use of 
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calcium chloride as a contraceptive agent 
in dogs, there is currently no commercial 
product registered for such use (Jana and 
Samanta, 2007).

One protocol that has generated signifi-
cant interest involves the intra-testicular
injection of solutions containing zinc gluco-
nate neutralized to a pH of 7 with arginine. 
This formulation (commonly referred to as 
zinc arginine, or ZA) is considered to be 
efficacious and safe based on contraceptive 
efficacy and minimal adverse reactions, 
especially when applied to young dogs 
(Tepsumethanon et al., 2005). The product is 
quite expensive, but it was marketed for a 
brief time for canine contraception as 
Neutersol®. It has been trialled in other spe-
cies as well, but with equivocal results (Brito 
et al., 2011), possibly due to the dosing used 
being based on canine studies. Unfortunately, 
with canine use, there were also some unde-
sirable inflammatory responses that war-
ranted withdrawal of the product from the 
US market in 2011. With modifications to the 
formulation, the product may re-emerge com-
mercially as Esterisol®, Zeuterin® or Testoblock®,
and with a claim to have use as a method of per-
manent contraception in dogs after a single 
administration. Despite this claim, it must 
be recognized that severe adverse reactions 
may still occur in close to 4% of cases, includ-
ing necrotizing reactions requiring surgical 
orchidectomy and debridement (Levy et al.,
2008). Such reactions can be minimized 
through careful dose placement and calcula-
tion of the dose for each testicle based on 
width measurements.

Physical methods of inducing 
testicular degeneration

Ultrasound has been utilized to interfere with 
sperm production or transport via the com-
bined effect of heat and mechanical vibration 
(Fahim et al., 1977; Fried et al., 2002; Roberts 
et al., 2002; Leoci et al., 2009). Targeted struc-
tures include testicular parenchyma, the 
epididymides or the ductus deferentia. For 
the latter two structures, short-term (20 to 120 s), 
high-energy (3–19 W) ultrasound can be 
administered to induce coagulative necrosis, 

resulting in luminal occlusion within 
2 weeks of treatment (Fried et al., 2002; 
Roberts et al., 2002). However, there is still a 
need for long-term studies to assess the contra-
ceptive efficacy of this method. With cur-
rent techniques and technology, there is an 
unacceptably high occurrence of adverse 
reactions such as skin burns (Fried et al.,
2002), though studies to accurately deter-
mine the ideal therapeutic window for both 
power and duration of application for dif-
ferent species may help overcome this prob-
lem. The testicular parenchyma of dogs and 
toms were treated with a high-intensity, 
focused ultrasound consisting of 1–2 W/cm2

for 10–15 min administered one to three 
times at 2–7 day intervals (Fahim et al., 1977; 
Leoci et al., 2009). Although it is apparent 
that further work is necessary to clearly 
define treatment intensity and duration, 
ultrasound administration was shown to 
suppress spermatogenesis without affecting 
testosterone concentrations.

Contraception Based on 
Immunological Approaches

The possibilities for immunocontraception 
in the male include stimulation of either 
the humoral or cell-mediated actions of the 
immune system, or a combination of these. 
The goals are to either stimulate antibody pro-
duction against molecules (most commonly 
hormones) important for fertility, or to acti-
vate a cell-mediated response involving cyto-
toxic T-lymphocytes to specifically destroy 
cells required for fertility (Golden, 2009).

There are two main areas in male 
reproductive physiology that have been 
investigated as potential targets for immuno-
contraception. First, there is the hypothalamic-
pituitary-gonadal (HPG) axis, in which 
gonadotrophin releasing hormone (GnRH) 
from the hypothalamus and the gonadotroph 
cells of the anterior pituitary have been the 
primary targets. Contraceptive vaccines tar-
geting the HPG axis have been investigated 
and developed for several decades, with 
much of the research focused on controlling 
female reproduction. The first commercial 
vaccine, which targeted GnRH, was available 
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for use in cattle in 1990 (Hoskinson et al.,
1990). Hormone receptors and the gonadotro-
phins themselves have also been assessed as 
immunological targets. In the case of gonado-
trophins, inactivation of follicle stimulating 
hormone (FSH) is of particular interest in 
males as it will interfere with spermatogene-
sis, but not with testosterone production 
(Yang et al., 2011). This approach fulfils a 
niche in which contraception is achieved 
without interfering with either secondary sex 
characteristics or male behaviour.

Secondly, immunocontraceptive targets 
include specific gonadal and extragonadal 
sites. Gonadal targets include the testicular 
germ cells and supporting somatic Sertoli 
and Leydig cells (McLaughlin and Aitken, 
2011). Extragonadal sites for vaccine targeting 
include the epididymis and its luminal con-
tent of maturing spermatozoa. An example of 
this approach is immunization of male mon-
keys with human recombinant epididymal 
protease inhibitor (EPPIN) to suppress sperm 
maturation (Yan Cheng and Mruk, 2010). The 
development of vaccines against sperm mem-
brane proteins such as glycosylphosphati-
dylinositol (GPI)-anchored sperm-specific 
protein (PH-20) is also being investigated 
(Sabeur et al., 2002), though these anti-sperm
vaccines may be more suited to deployment 
within the female population.

Gonadal germ cells express unique anti-
gens, some of which develop at the time of 
sexual maturation, long after the differentia-
tion between self and non-self that occurs 
early in fetal development (Pöllänen and 
Cooper, 1994; Golden, 2009). Therefore, gon-
adal tissues contain non-self-antigens req-
uiring protection from the body’s normal 
defence mechanisms. The traditional view 
has been that complete sequestration of tes-
ticular autoantigens behind the blood–testis 
barrier was the only protective mechanism 
preventing immune responses against them 
(Pöllänen and Cooper, 1994). Although the 
inter-Sertoli-cell tight junctions certainly 
protect the autoantigenic germ cells in the 
luminal compartment of the seminiferous 
tubules, there is evidence that there are also 
autoantigens on the surface of germ cells just 
about to enter meiosis, but still in the basal 
compartment of the seminiferous tubules 

(Yule et al., 1988; Saari et al., 1996). In addition, 
sperm autoantigens have been identified 
within the epididymis at concentrations exce-
eding that within the testis (Pöllänen and 
Cooper, 1994). It is now apparent that the reg-
ulation of immune responses to these antigens 
involves a system of interactions requiring a 
balance between activation and attenuation of 
responses (Golden, 2009) to ensure there are 
few or no immune responses mounted against 
most of these cells or tissues. In most cases, there 
is more than one protective mechanism in place 
to shield sperm autoantigens (Verajankorva 
et al., 1999).

Hence, the development of an immuno-
contraceptive targeting gonadal germ cells 
requires selection of a suitable target antigen 
within the gonad, production of an effective 
vaccine and development of a suitable mode 
of delivery to overcome whichever immuno-
protective mechanism may be in place. 
Importantly, the development of immunity to 
autoantigens increases the risk of inducing 
autoimmune reactions. These can present 
complex challenges to address (Verajankorva 
et al., 1999).

However, perhaps, the greatest obstacle 
to the extensive use of immunocontraceptive 
technology is the variability of the duration 
and intensity of those immune responses that 
are attained (Bowen, 2008). Due to the diffi-
culty in predicting the efficacy and duration 
of effect, there are problems in utilizing this 
form of contraception in light of the definitive 
contraceptive requirements for the reproduc-
tive management of most species. In general, 
hormonal vaccines targeting the HPG axis 
provide only short-term contraception from 
3 to 12 months duration, but, with the use of 
suitable adjuvants, and the strategic adminis-
tration of booster vaccinations, GnRH vac-
cines may be able to deliver useful fertility 
control in some species over extended peri-
ods (Dowsett et al., 1996; Miller et al., 2004; 
Walker et al., 2007; Bowen, 2008); this method 
would then have the potential advantage of 
reversibility.

Deeper understanding of the hypothal-
amic control of reproduction may lead to 
improvements in target antigen selection, and 
in immunization efficiency, duration and pre-
dictability of action. The recent advances in 
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knowledge associated with kisspeptins and 
their receptors (Tena-Sempere, 2006; Scott 
et al., 2010) provide an example of additional 
target antigens that may be investigated in 
the future.

GnRH and pituitary hormone vaccines

Since its initial discovery in 1971, GnRH has 
been considered to be the main hormone regu-
lating and controlling gonadotrophins in the 
HPG axis (Schally et al., 1971), and it is only in 
the last decade that other peptide hormones, 
such as kisspeptin and gonadotrophin inhibi-
tory hormone, have been identified to also 
be significant contributors to HPG control. 
Despite the recent identification and signifi-
cance of these latter peptides, GnRH still 
plays a critical role in reproductive control, 
leading to a body of research into the devel-
opment of GnRH vaccines as a means of con-
traception (Hoskinson et al., 1990; Bonneau 
and Enright, 1995; Dowsett et al., 1996; Levy 
et al., 2004; Golden, 2009).

In mammals, GnRH-producing neurons 
are generally found scattered within the 
hypothalamus extending from the median 
eminence (ME) through to the medial basal 
hypothalamus (MBH) and to the preoptic 
area (POA) (Jasoni and Porteous, 2009; 
Scott et al., 2010). Within this distribution, the 
GnRH neurons are grouped into nuclei, with 
species variation in GnRH activity within 
each nuclei. For example, GnRH neurons in 
rodents have been identified in the ME, POA 
and anterior hypothalamic areas (AHA); in 
horses, they are primarily located in the arcu-
ate nucleus of the MBH (Scott et al., 2010); in 
primates and sheep, the distribution of GnRH 
neurons extends from the ME through to the 
arcuate nucleus (ARC) of the MBH (Herbison, 
2006). It is only recently that the specific ana-
tomical location and distribution of GnRH 
neurons in the canine hypothalamus has been 
described; the pattern of distribution is heav-
ily concentrated in the MBH, including the 
ME and extending into the ARC (Buchholz 
et al., 2012).

GnRH is produced in cell bodies of the 
hypothalamic neurons and is transported 
by axonal flow to the terminal synapses. 

These synapses lie adjacent to the vessels of 
the capillary plexus within the ME (Herbison, 
2006). Stimulation of the GnRH neurons 
causes release of stored peptide from their 
secretory granules into the extracellular 
space, followed by diffusion into the capillary 
blood of the ME. GnRH then travels via the 
hypophysial portal system to the capillary 
plexus within the anterior pituitary. Here, a 
portion of the GnRH leaves the capillaries, 
and becomes available for binding to the 
pituitary gonadotrophs, stimulating the 
release of FSH and LH (luteinizing hormone). 
It is during transport within the hypophysial 
portal blood that GnRH can be immunologic-
ally targeted.

GnRH is a small peptide that is identical 
in all mammals (Senger, 2003). These two fac-
tors (small and identical) result in it produc-
ing minimal immunogenicity. However, it 
can be made more immunogenic by coupling 
it to a carrier such as keyhole limpet haemo-
cyanin (KLH) (Miller et al., 2004), or ovalbu-
min (Hoskinson et al., 1990). The coupled 
GnRH peptide is called a GnRH-conjugate;
this is combined with an adjuvant to create a 
vaccine (Hoskinson et al., 1990).

In animals treated with GnRH vaccine, 
anti-GnRH antibody within the hypophysial 
portal blood binds to the newly released 
GnRH from the hypothalamus, thus prevent-
ing GnRH from binding to the pituitary gon-
adotroph cells (Miller et al., 2004). Provided 
that sufficient specific antibodies are present 
in the circulating blood entering the ME, vir-
tually all of the GnRH peptide secreted into 
the hypophysial portal vessels will be bound 
and neutralized (Donald, 2000). The binding 
of the antibody to GnRH neutralizes it either 
by preventing it from diffusing through the 
capillary walls owing to the size of the GnRH-
antibody complex, or by masking the recep-
tor binding site on the GnRH molecule. This 
neutralization of endogenous GnRH results 
in profound suppressive effects on the pitui-
tary gonadotroph cells. Further, physiological 
responses to GnRH and its efficacy are corre-
lated with GnRH antibody titre; animals with 
high titres are sterile, whereas those with 
lower titres are not (Levy et al., 2004).

In addition to those vaccines against 
GnRH, others directly targeting pituitary 
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gonadotrophins such as FSH show promise 
for male contraception (Delves, 2004). The 
main difference between the action of FSH 
vaccine and GnRH vaccines is the preserva-
tion of androgen-dependent functions and 
behaviour with the former. Immunocontra-
ception targeting LH has been successful 
in dogs, with reproductive function being 
severely impaired for up to 12 months 
(Lunnen et al., 1974).

Advantages

Although large-scale trials are lacking, the 
induction of immunity to GnRH represents a 
promising approach to contraception for 
males. It can be administered with two injec-
tions, and possibly by a single injection; no 
surgery is required; there are minimal 
adverse reactions; it has the potential to 
stop both spermatogenesis and androgen-
related behaviour; and, in theory, it should 
be reversible. As the efficacy of treatment 
is closely correlated with antibody concen-
tration, measurement of anti-GnRH anti-
body concentrations can be used as a means 
of assessing vaccination history and current 
function. Immunization with GnRH-conjugate 
vaccines has been reported to induce periods 
of sterility or infertility in dogs (Ladd et al.,
1994; Jung et al., 2005), cats, rats (Levy et al.,
2004), deer (Miller et al., 2004) and boars 
(Wagner et al., 2006). The vaccines also pre-
vent androgen-driven aggression as effec-
tively as surgical castration for bulls (Price 
et al., 2003), stallions, elephants (Barfield et al.,
2006), piglets and lambs (Levy et al., 2004), 
though the influence on spermatogenesis has 
not been adequately studied in these latter 
species. With the development of suitable 
delivery methods, GnRH vaccines may be 
acceptable for the control of pest species 
(Barfield et al., 2006). Specific uses of the vac-
cine are outlined in the section on context-
specific applications of male contraception.

Disadvantages

Despite some successes, GnRH vaccine tech-
nology is still developing. For example, the 
same GnRH vaccine that was effective in 
dogs had no efficacy in cats (Ladd et al., 1994). 

More recently, it has been suggested that 
these anomalies may be overcome by modifi-
cations to the injection delivery method so 
that the antigen is protected from rapid 
destruction by the animal’s immune system 
(Miller et al., 2004).

Perhaps the biggest disadvantage of 
GnRH vaccine contraceptive technology is 
the difficulty in stimulating a prolonged 
immune response of predictable duration. 
Coupled with this is the requirement for 
administering one or two injections for the 
induction of immunity, with the possible 
requirement for booster vaccinations. This 
may be impractical in some animal manage-
ment contexts. However, GnRH conjugation 
technology has been progressing since the 
1990s; a commercial product has been 
released in the Australian market (Hoskinson 
et al., 1990), and further development of a 
single-injection product is available in the 
USA (Miller et al., 2004).

Within a given species, there is concern 
that a particular vaccine may be very effective 
in inducing infertility in some animals, but 
not effective in others. This variation in effi-
cacy has led to concern that significant appli-
cation of an immunocontraceptive may result 
in selection of a population of non-responders 
with altered or restricted immunogenetic 
make-up and responses (Cooper and Larsen, 
2006). A corollary is that the duration of action 
of effective contraceptive vaccines is typically 
quite variable, making animal management 
less predictable than definitive methods such 
as surgical castration.

Anti-GnRH vaccines combine the inhibi-
tion of fertility with the suppression of sex-
steroid dependent behaviour but, if there is 
a need to provide contraception while main-
taining sex-hormone production, further 
work on specific inhibition of the pituitary 
gonadotrophins is required. Whereas the 
neutralization of FSH has resulted in severe 
disruption of spermatogenesis (Delves, 2004), 
it has been shown in some species that azoo-
spermia will not be achieved as long as LH 
remains active (Barfield et al., 2006). More 
recent work targeting FSH function has 
focused on priming and boosting immuniza-
tions using recombinant human FSH receptor 
(rhFSHR) peptide. This strategy has led to 



486 S.T. Norman and T.M. Collop

decreased fertility in mice 10 weeks after vac-
cination (Yang et al., 2011). Even though azoo-
spermia was still not achieved, there may be 
uses for this technology in the suppression of 
animal populations.

Immunocontraception targeting 
sperm membrane proteins

Immunocontraceptive technology targeting 
sperm membrane proteins is well suited to 
female contraception by the induction of 
sperm antibody formation in the female 
reproductive tract. When administered to 
females, such an immunocontraceptive can 
prevent fertilization by blocking sperm–
oocyte interaction. In some contexts, there is 
also potential for its administration to be 
applicable to males (Sabeur et al., 2002). 
In general, successful immunocontraception 
in males targeting sperm-membrane proteins 
will prevent fertilization of the oocyte and, at 
the same time, preserve sexual behaviour 
and secondary sex characteristics.

Many sperm membrane proteins have 
been identified and assessed as targets for 
immunocontraception (Suri, 2004). Yet, despite 
encouraging results, variability in their effi-
cacy and duration of action has made it diffi-
cult to focus on any one immunocontracep  tive 
approach (Bowen, 2008). As an example, 
immunocontraception was investigated in 
male monkeys immunized with EPPIN 
(O’rand et al., 2004). The study demonstrated 
that effective and reversible male immuno-
contraception in primates is an attainable 
goal, but the vaccine was only successful in 
78% of animals. This level of contraception 
may be suitable in some animal population 
control contexts, but it would not be an accept-
able result in production animal systems.

Testis-specific lactate dehydrogenase 
(LDH-C4) is an enzyme found on the plasma 
membrane of sperm flagella (Bradley et al.,
1997), and LDH-C4 has been targeted on the 
fox spermatozoon and some success reported 
with the vaccination of vixens (Bradley et al.,
1997). Immunization with LDH-C4 also pre-
vents pregnancy in female baboons and 
reduces conception rates in rabbits, but not in 
macaques (Suri, 2004).

Fertilization antigen-1 (FA-1) is a glyco-
protein that has been isolated from the post-
acrosomal, midpiece and tail regions of 
ejaculated sperm and also within the testis. 
Generating antibodies to FA-1 has been suc-
cessful in reducing fertility in rabbits and 
humans (Naz et al., 1984), and warrants fur-
ther investigation in other species. The mech-
anism of action is unclear, but it does not 
involve the agglutination or immobilization 
of sperm. In rabbits, the action appears to 
require an intact zona pellucida, while in 
humans there is the suggestion that there 
may be interference with capacitation (Naz 
et al., 1984).

The sperm protein PH-20 elicits a sig-
nificant sperm-directed antibody response 
in macaques and is being developed as an 
antigen for rabbits, where it is a candidate 
for insertion into a recombinant myxoma 
virus (Holland et al., 1997). Orally delivered, 
non-infectious, non-transmissible vaccines 
against sperm antigens are also envisaged 
for kangaroo contraception (Cowan and 
Tyndale-Biscoe, 1997). However, due to the 
high number of spermatozoa present in the 
female tract of most mammals after copula-
tion, achieving sufficiently high titres of 
antibody to disable enough sperm to pre-
vent conception remains a concern (Cowan 
and Tyndale-Biscoe, 1997).

Despite the potential for sperm membrane-
targeted immunocontraception to be a pow-
erful tool for managing domestic, feral and 
wildlife species, there is still considerable 
research required to translate current knowl-
edge into reliable, commercial products. 
Although there has been active research in 
this field since the early 1970s (Gunaga et al.,
1970), there are no human immunocontracep-
tives currently available and only approxi-
mately a dozen animal applications of the 
technology.

Immunocontraception inducing 
cell-mediated immune responses

Antigens that would otherwise be too small 
to induce an effective immune response, such 
as a small decapeptide-like GnRH, can be uti-
lized via polynucleotide vaccine technology 
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(Babiuk et al., 1999). This technology involves 
the introduction of the antigen DNA via a 
plasmid, which then encodes the antigen 
within the animal tissue into which it is 
injected. Importantly, both humoral and cel-
lular immune responses are induced (Babiuk 
et al., 1999), which provides a significant 
advantage of plasmid vaccines over peptide 
vaccines. Another advantage is that adju-
vants are not required to elicit an immune 
response, and so adverse injection-site reac-
tions are not common (Purswell and Kolster, 
2006).

T-helper cell epitopes have been studied 
in canines (Walker et al., 2007). Totally syn-
thetic peptide-based immunocontraceptive 
vaccines, in which canine distemper virus F 
protein epitopes were coupled to an LH 
releasing hormone (LHRH/GnRH) peptide, 
were used to inoculate dogs. In five vaccines, 
a strong anti-LHRH (GnRH) antibody response, 
with suppression of testosterone and proges-
terone, was observed in a majority of the ani-
mals of different breeds examined. This could 
provide a strategy for the development of an 
immunocontraceptive vaccine for widespread 
use in domesticated and feral canines (Walker 
et al., 2007).

Further interest surrounding polynucleo-
tide vaccine technology stems from the novel 
possibilities that it provides for vaccine deli-
very. Options may include bacterial or viral 
carriers, microparticle encapsulation or bal-
listic delivery to mucosal surfaces (Babiuk 
et al., 1999).

Contraception Based on 
Control of Spermatogenesis

Hormonal control of 
hypothalamic-pituitary function

Testicular function and fertility are dependent 
on normal functioning of the HPG axis. Thus, 
an avenue for reducing fertility in males is to 
interfere with the secretion of gonadotroph-
ins, most commonly by exploiting negative 
feedback via the administration of sex ster-
oids. Such treatments also have the effect of 
reducing testicular androgen secretion, which, 

in most cases, is desirable. Excluding research 
with humans, a majority of the work on ster-
oidal contraception of males has been con-
ducted in dogs and rodents (England, 1997; 
Bowen, 2008; Wang et al., 2011).

Contraception based on 
the use of sex steroids

The suppression of spermatogenesis by sex 
steroids depends mainly on inhibiting the 
HPG axis, which leads to reduced secretion of 
LH and FSH. This can be achieved at either the 
hypothalamic or pituitary levels. The suppres-
sion of LH inhibits testosterone production 
from the Leydig cells, while the suppression of 
FSH interferes with androgen-binding protein 
production and other Sertoli cell functions. 
There is also a suggestion of a direct adverse 
effect of progestogens on epididymal sperm 
maturation (England, 1997).

When considering this mode of contra-
ception, it is important to recognize that sex 
steroid contraceptives have little influence on 
existing sperm; they primarily suppress 
sperm production and possibly sperm matur-
ation within the tubular tract (England, 1997; 
Amory and Bremner, 2000). In this context, it 
is likely that any contraceptive regimen based 
on sex steroids, or on manipulation of the 
HPG axis, will be associated with some delay 
in the onset of the maximum contraceptive 
effect (Amory and Bremner, 2000). The dura-
tion of this delay will vary depending on the 
regimen used, but it will have some relation-
ship with the duration of spermatogenesis 
and epididymal transport time in the species 
being treated.

Oestrogens have been used for male con-
traception in a number of species (Barfield 
et al., 2006), although the product most com-
monly used, diethyl stilboestrol (DES) has 
been banned in a number of countries as a 
result of concerns with its carcinogenicity and 
implication in blood dyscrasias. Other orally 
active oestrogenic products have been used to 
suppress the HPG axis, including quinestrol 
as a contraceptive in Brandt’s vole (Wang 
et al., 2011). However, problems with palat-
ability need to be overcome before this com-
pound can be used on a commercial scale.
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Androgens are suited to a contraceptive 
role owing to their significant influence on 
the regulation of the HPG axis, at both hypo-
thalamic and pituitary levels (Senger, 2003). 
Depending on the target species, their addi-
tional androgenic and anabolic activities may, 
or may not, be advantageous. When adminis-
tered at greater than physiological doses, tes-
tosterone has a suppressive effect on GnRH 
release and spermatogenesis, though its use 
alone has produced considerable variability 
in contraceptive efficacy in humans, with 
complete failure to suppress spermatogenesis 
in some men (Gao and Dalton, 2007). In 
addition, the administration of natural testos-
terone is impractical because of its rapid deg-
radation by the liver (Amory and Bremner, 
2000). Orally active androgens (those with a 
17a-ethinyl group) improve ease of adminis-
tration and longevity of action, but can cause 
liver damage and are not considered safe for 
long-term use (Amory and Bremner, 2000). 
Most current regimens in humans use testos-
terone esters, such as testosterone enanthate, 
given by IM injection on a weekly to fort-
nightly basis. The onset of azoospermia 
occurs at around 2 to 3 months, and recovery 
of normal sperm counts occurs 3 to 4 months
after testosterone enanthate is discontinued 
(Amory and Bremner, 2000).

The administration of 5 mg/kg of mixed 
testosterone esters (comprising testosterone 
proprionate 0.6 mg/kg, testosterone phenyl-
propionate 1.2 mg/kg, testosterone isocaproate 
1.2 mg/kg, testosterone decanoate 2.0 mg/kg) 
to male dogs resulted in a significant decline 
in sperm motility within 3 weeks of treatment, 
which persisted for 3 months (England, 1997). 
Daily oral administration of 50 mg methyltes-
tosterone to male dogs for 90 days decreased 
daily sperm output (DSO) (Freshman et al.,
1990), but mean DSO was still approximately 
80 million at the completion of treatment. 
Chronic administration of danazol, a synthetic 
derivative of 17a-ethinyl testosterone, to male 
dogs resulted in azoospermia, with the effects 
reversible within 60 days (Kutzler and Wood, 
2006). The administration of anti-androgens, 
such as flutamide or cyproterone, had a slight, 
transient influence on spermatogenesis, but 
was not effective as a contraceptive (Neumann 
et al., 1976).

The significant variability in the contra-
ceptive efficacy of testosterone esters (Freshman 
et al., 1990; England, 1997) and the inconsistent 
pharmacokinetic profile of testosterone-only 
regimens (Gao and Dalton, 2007), coupled 
with concerns about the adverse effects on 
long-term health associated with 17a-ethinyl 
group orally-active androgens (e.g. danazol), 
have led to investigations into combination 
therapy involving the use of GnRH analogues 
and progestins. In addition to improved effi-
cacy, the use of combined therapy allows a 
reduction in the doses of hormones admin-
istered. Combination therapy utilizing 
progestins coupled with physiological con-
centrations of exogenous testosterone results 
in profound suppression of gonadotrophin 
release and has been found to be a more 
effective, safer strategy than the use of tes-
tosterone alone for human male contraception 
(Gao and Dalton, 2007). Unfortunately, the 
application of this method for animal use is 
hampered by the impractical dosing regimens 
required of the androgens.

An important comparative observation 
is that the canine appears to differ from 
other species in the sensitivity of the HPG 
to progestogen feedback (England, 1997). 
Gonadotrophin suppression does not occur 
in the canine male, even with high doses (up 
to 20mg/kg medroxyprogesterone acetate) of 
progestogens, and there are no significant 
effects on libido. However, combinations of 
progestogens and androgens appear to have 
a synergistic effect and may provide a clinic-
ally useful method of reversible contracep-
tion in the dog. The combination of mixed 
testosterone esters (5 mg/kg) and medroxy-
progesterone acetate (20 mg/kg) produced a 
rapid and profound decrease in semen qual-
ity in the male dog (England, 1997). It was 
postulated that the effect of this combination 
of treatment on semen quality was mediated 
by a direct effect of the progestogen upon 
the epididymal phase of sperm maturation, 
rather than on the suppression of pituitary 
LH release. In contrast, the androgen caused 
suppression of gonadotrophins and subse-
quently also of spermatogenesis.

A more contemporary option for mim-
icking the contraceptive action of sex steroids 
involves the use of androgen receptor (AR) 
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ligands. These compounds can be classified 
as either AR agonists or antagonists, depend-
ing on whether they (respectively) activate 
or inhibit the transcription of AR target 
genes (Gao and Dalton, 2007). The early AR 
ligands were based on the chemical struc-
ture of sex steroids, but more recent research 
has investigated the development and use 
of non-steroidal selective AR modulators 
(SARMs) (Gao and Dalton, 2007). An advan-
tage of SARMs over natural testosterone 
and other products based on the sex steroid 
structure is that SARMs can be tailored to 
produce specific effects. That is, they can be 
designed to achieve tissue-selective modu-
lation of AR action. This minimizes the 
undesirable side effects that are normally 
associated with steroidal androgens and can 
allow greater stimulation of the required 
action, with the knowledge that any unwanted 
side effects will be minimal.

The use of non-steroidal AR agonists 
coupled with high oral availability is still 
under investigation, but these compounds 
may provide the opportunity to develop a 
male contraceptive with practical applica-
tions across a number of species and contexts. 
Suppression of GnRH and gonadotrophins at 
the hypothalamic and pituitary levels 
requires a potent AR agonist that has good 
distribution in the central nervous system 
(CNS) and/or selectivity. AR agonist activity 
in peripheral tissues will allow the mainten-
ance of normal androgen functions (Gao and 
Dalton, 2007), while peripheral AR antagonist 
activity may be suitable where loss of second-
ary sex characteristics and behaviour is 
desirable.

Contraception based on 
the use of GnRH agonists

Prolonged administration of high doses of 
GnRH agonists has been shown to induce 
desensitization to GnRH of the pituitary 
gonadotrophs in a number of species, includ-
ing rodents, sheep, goats, dogs, pigs, pri-
mates, cattle and horses (Hinojosa et al.,
2001; D’Occhio et al., 2002; Junaidi and 
Norman, 2003; Junaidi et al., 2007). After 
administration of the agonist, there is an 

initial gonadotrophin hypersecretion, fol-
lowed by a progressive loss of pituitary 
responsiveness to GnRH over approxi-
mately a 4 week period. Continued desensi-
tization is due to the downregulation of 
pituitary cell GnRH receptors (D’Occhio 
et al., 2002). In some species, it has also been 
documented that GnRH agonist adminis-
tration will directly desensitize the Leydig 
cells to LH stimulation, resulting in a pro-
found reduction in androgen production 
and spermatogenesis (Junaidi et al., 2007). 
From a contraceptive viewpoint, the out-
come is a prolonged reduction in gonado-
trophin release and functional loss of 
testicular activity.

While this mechanism of action repre-
sents a generalization, there are clear species 
differences in susceptibility to the downregu-
latory effects of GnRH agonists (Goericke-
Pesch et al., 2011), with their activity ranging 
from being ineffective in some species, being 
variable in the extent and duration of action 
in others, to being highly effective in yet 
others. For example, GnRH agonists have 
proven effective for contraception in wild 
dogs and cats (Bertschinger et al., 2002), with 
continuous GnRH agonist administration in 
dogs leading to a marked drop in circulating 
testosterone concentrations, libido and sperm-
atogenesis (Junaidi et al., 2007). In contrast, 
their continuous administration in bulls or 
red deer stags results in an increase in 
plasma testosterone concentrations (Junaidi 
et al., 2007).

Advantages

GnRH agonist treatment is an effective and 
reversible alternative to surgical de-sexing in 
dogs, queens and ferrets, plus males and 
females of several exotic species (Goericke-
Pesch et al., 2011). There is ongoing research 
to determine the effectiveness of GnRH 
agonists in other species. In particular, deslo-
relin (Suprelorin, Peptech Animal Health) 
and azagly-nafarelin (Gonazon, Intervet, Inc.) 
implants (Bowen, 2008) and leuprolide acetate 
injections (Munson, 2006) have been utilized. 
In addition to reducing pituitary gonado-
trophin release, in dogs the use of deslorelin 
will desensitize Leydig cells to LH. This action 
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enhances the suppression of androgen pro-
duction, thereby providing the desirable 
effects of preventing androgen-related be-
haviour and disease. For example, deslorelin 
administration can be very effective in the 
treatment of benign prostatic hyperplasia. 
Additionally, the application of GnRH agon-
ists, in contrast to surgical castration, provides 
the opportunity to withhold further treatment 
in older animals if it is considered that they 
may benefit from the anabolic effects result-
ing from restored natural testosterone 
production.

The administration of GnRH agonists is 
usually a simple process of injection or 
implant application. Deslorelin is currently 
the most commonly used GnRH agonist in 
dogs, in which it induces reliable contracep-
tion within 6 weeks of implantation (Junaidi 
et al., 2003), which lasts from 6 to 12 months, 
depending on the implant dose (4.7 or 9.4 mg 
implants) administered. Once the implant 
reaches the end of its functional lifespan and 
testosterone concentrations return to normal, 
full fertility usually occurs within the dura-
tion of one to two spermatogenic cycles. With 
spermatogenesis in the canine requiring 
approximately 61 days (Soares et al., 2009), 
the majority of dogs will have elongated 
spermatids within the seminiferous tubules 
within 16 weeks of deslorelin removal or 
implant depletion (Goericke-Pesch et al.,
2009). No adverse effects have been noted 
with the long-term administration of deslore-
lin (Junaidi et al., 2007).

Disadvantages

There is significant variation between 
species in their response to GnRH agonists, 
making it necessary to adequately research 
product efficacy for every species in which 
it is to be utilized. An historical impedi-
ment to progress with GnRH super agonists 
has been the cost of production and the 
lack of a cost-effective means for delivering 
adequate doses over a prolonged period 
(Junaidi et al., 2003). However, products 
such as Suprelorin® are now becoming com-
mercially viable due to improved drug 
delivery methods, increased use and 
reduced costs.

The acute increase in circulating concen-
trations of LH and testosterone for a short 
period following the initial application of 
GnRH agonists may induce short-term 
undesirable sexual behaviour, although the 
concentrations of LH and testosterone fall 
rapidly from as soon as 9 h after implant-
ation, and then fall further to undetectable 
values after approximately 3 weeks (Junaidi 
et al., 2003). Currently, GnRH agonist implants 
only supply 6 or 12 months of treatment, 
depending on the deslorelin concentration. 
This means that there is a need for regular 
re-administration if long-term contracep-
tion is required. Until longer acting prod-
ucts become available, in the case of 
domestic animals, GnRH agonist adminis-
tration could easily be combined with other 
routine management programmes such as 
health checks, heartworm prevention, or 
vaccinations.

Contraception based on 
the use of GnRH antagonists

GnRH antagonists competitively occupy 
GnRH receptors on gonadotrophin-producing 
cells in the anterior pituitary, resulting in 
an immediate inhibition of the HPG axis 
without a preceding stimulatory effect as 
occurs with GnRH agonists (Valiente et al.,
2007). Current formulations require more 
frequent dosing than for GnRH agonists, 
but GnRH antagonists have the advantage 
of a more rapid onset of effect, which is 
then easily manipulated and rapidly 
reversible (Huirne et al., 2007). GnRH 
antagonists are currently registered for 
preventing a premature LH peak during 
ovarian stimulation in women (Huirne 
et al., 2007).

When considering the clinical applica-
tions of GnRH antagonists, it is important to 
recognize that early, or so-called first-generation, 
antagonists produced undesirable side effects, 
including allergic reactions and skin irritation. 
However, the more recent, third-generation,
GnRH antagonists that are currently used in 
humans (Huirne et al., 2007) have been trialled 
in dogs with minimal side effects (Valiente 
et al., 2007).
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Preliminary studies utilizing the third-
generation GnRH antagonist, acyline, showed 
that a high, single subcutaneous dose of 330 
mg/kg suppressed sperm production in dogs, 
with suppressive effects starting within 
1 week of treatment and lasting until the end 
of the study, 6 weeks later (Valiente et al.,
2007). In the stallion, treatment with the GnRH 
antagonist, antarelix, produced significant 
reductions in LH, FSH, oestradiol, libido and 
total sperm output (Hinojosa et al., 2001). 
Thus, while it appears that there has been 
some resistance to the use of GnRH antago-
nists resulting from the undesirable side 
effects noted in early studies, recent investiga-
tions utilizing third-generation drugs in dogs 
and horses, and their clinical use in humans, 
suggest that they have the potential to provide 
effective and reversible male contraception.

Disadvantages

No depot or long-acting formulations of 
GnRH antagonists have yet been developed 
(Herbert and Trigg, 2005). Further investiga-
tion into the pharmacokinetics of these com-
pounds and formulation of a sustained-release 
delivery mechanism is required before the 
practical application of GnRH antagonists as 
male contraceptives.

Miscellaneous hormonal control of 
HPG axis function

Repeated IM administration of exogenous 
prolactin (600 mg/kg body weight weekly for 
6 months) to male dogs has been found to 
produce severe oligospermia within 6 weeks 
of treatment (Shafik, 1999). In the majority 
of cases, azoospermia was induced within 
12 weeks of treatment. Importantly, within 
3 months of drug withdrawal, the sperm count 
normalized, mating produced pregnancy and 
the resultant offspring exhibited no anomalies 
(Shafik, 1999). It was noteworthy, in this study, 
that serum concentrations of testosterone, 
LH and FSH were not significantly affected by 
prolactin treatment, which led the authors to 
speculate that prolactin may be having a direct 
inhibitory effect on the testes rather than func-
tioning via gonadotrophin downregulation.

Non-hormonal Inhibition of 
Hypothalamic-pituitary Function

Cytotoxin conjugates

GnRH has a high specificity and affinity for 
its receptors. Additionally, the internalization 
of GnRH receptors following ligand–receptor 
binding lends itself to applications that can uti-
lize the bound receptors as carriers (Sabeur et al.,
2003). For example, toxins conjugated to GnRH 
can be used to localize cytotoxic effects to 
within the pituitary gonadotroph cells, thereby 
disrupting the HPG axis. In this application, 
the toxins used need to be carefully selected to 
ensure that the GnRH-toxin conjugate is safe 
in other non-GnRH receptive tissues.

As an example, pokeweed antiviral pro-
tein has been conjugated with GnRH and 
administered to intact male dogs (n = 4) as 
three daily injections (0.1 mg/kg) (Sabeur 
et al., 2003). Serum testosterone and LH con-
centrations and testicular volume decreased 
after treatment, and the effects of male contra-
ception persisted for 5–6 months (Sabeur et al.,
2003). The treatment was generally consid-
ered to have no adverse effects, with a tran-
sient (<24 h) arthralgia noted in only a few of 
the dogs. In particular, there was no adverse 
effect on serum cortisol or thyroxine concen-
trations, indicating the specificity of this treat-
ment for the pituitary gonadotrophs.

Cytotoxic conjugates of FSH are also 
being investigated for the targeted destruc-
tion of Sertoli cells; this will be discussed in a 
subsequent section.

Advantages

This is a non-surgical method of contracep-
tion that includes the abolition of androgen 
production. It may be reversible, but further 
studies are needed to determine this.

Disadvantages

The long-term effects of the treatment have 
not been investigated; neither has the poten-
tial for individual variability in response to 
the treatment been studied. Nor have dose 
titration studies been performed, and there 
is also the question of how many pituitary 
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gonadotrophs need to be damaged in order 
to reliably produce contraception.

Non-hormonal Control of 
Spermatogenesis

Non-hormonal methods for controlling sper-
matogenesis are attractive alternatives to 
hormonal methods. In production animals, 
consumer resistance to hormone use is becom-
ing increasingly apparent, while for com-
panion animals, owners may demand the 
perceived comfort of knowing that their pets 
are not being exposed to long-term hormonal 
administration. Currently, the long-term effects 
of many of the hormonal regimens are not 
fully understood (Yan Cheng and Mruk, 2010), 
and owners of the recipients may require an 
assured option of reversibility. There is a need 
for non-hormonal, reversible contraception 
that does not interfere with male behaviour. 
This requirement has stimulated significant 
research in humans, primates and laboratory 
rodents (Walden et al., 2006; Mruk and Yan 
Cheng, 2008; Yan Cheng and Mruk, 2010), so 
this section provides examples of the non- 
hormonal control of spermatogenesis.

Chemical or physical inhibition of 
spermatogenesis

Inhibition of spermatogenesis can be targeted 
directly at germ cell division and differentia-
tion, or indirectly via modification of Sertoli 
or Leydig cell function. There are many chem-
ical agents, such as gossypol, dinitropyrroles 
and carbamates, that can interfere with sper-
matogenesis. However, many have toxic side 
effects, making them unacceptable as contra-
ceptives. This section will focus on chemicals 
that have shown promise as contraceptive 
agents and either have apparently insigni-
ficant toxic effects, or at least these effects 
appear to be insignificant after initial studies, 
so that further investigation is warranted.

N-butyldeoxynojirimycin

N-butyldeoxynojirimycin (NB-DNJ) is a glu-
cose mimetic licensed for use to treat a 

genetic, metabolic disorder in human medi-
cine (Walden et al., 2006). There is also 
a galactose analogue of the compound: 
N-butyldeoxygalactonojirimycin (NB-DGJ). 
Both of these imino sugars cause infertility 
in male mice, but studies have focused on 
the effects of NB-DNJ when fed at 15mg/kg 
daily (Walden et al., 2006). Feeding mice 
NB-DNJ for up to 12 months resulted in 
infertility as a result of reduced sperm num-
bers (up to 56% reduction after 6 months 
of treatment), reduced sperm motility (<20% 
individual motility after 3 months of treat-
ment), abnormal sperm nuclear morphology 
(90% abnormal after 5 weeks of treatment) 
and abnormal acrosomal phenotype. Recovery 
to fertility occurred within 6 to 12 weeks after 
cessation of feeding NB-DNJ (Walden et al.,
2006). Importantly, long-term NB-DNJ treat-
ment of mice at 15mg/kg daily does not 
affect body or gonad weights, reproductive 
endocrinology, serum chemistry or animal 
behaviour. There was no reported reduction 
or increase in serum FSH, LH or testoster-
one concentrations, and testicular testoster-
one concentrations remained within normal 
limits. In mating trials, none of the treated 
mice succeeded in impregnating females 
despite successful copulation (Walden et al.,
2006). It appears that NB-DNJ is worthy of 
further investigation in other species in 
which infertility coupled with the mainten-
ance of androgen production and male 
behaviour is desirable.

Neem seed oil

The effects of neem (Azadirachta indica) seed 
oil on rat sperm production have been inves-
tigated after fractionation of the oil into six 
different portions (Purohit et al., 2008). After 
oral administration of the third and fourth 
fractions of the oil for 60 days at 9 and 10 mg/
kg daily, respectively, spermatogenic arrest 
was confirmed histologically. The authors also 
found significant reductions in sperm den-
sity within the testes and cauda epididymis, 
plus reduced motility of epididymal sperm. 
It was suggested that the contraceptive act-
ivity of neem seed fractions was due to 
suppression of FSH and LH secretion from 
the anterior pituitary (Purohit et al., 2008). 
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No adverse reactions associated with the oil 
fraction administration were noted.

1-formyl, 4-dichloroacteyl 
piperazine and gossypol

The non-steroidal, antispermatogenic mole-
cule, 1-formyl, 4-dichloroacteyl piperazine 
(CDRI-84/35), has been found to cause steril-
ity in rats by arresting spermatogenesis (Ojha 
et al., 2006). It is postulated that the mode 
of action of CDRI-84/35 is through hyper-
stimulation and subsequent disruption of 
Sertoli cell enzyme function. Large-scale,
long-term contraceptive studies using this 
compound in vivo have not been performed, 
but these initial investigations suggest that 
further research is warranted. By comparison, 
gossypol completely inhibits rat Sertoli cell 
enzyme activity (b-glucuronidase, g-glutamyl
transpeptidase, lactate dehydrogenase and 
aromatase), but produces a similar result to 
CDRI-84/35 of spermatogenic arrest (Ojha 
et al., 2006). Unfortunately, gossypol can 
be toxic to pigs, humans and immature 
ruminants, so care is needed in its use (Waites 
et al., 1998).

Bisdiamine compounds

The bisdiamine compounds are amoebicidal 
drugs that specifically target germinal epithe-
lium in the testis without affecting other rap-
idly dividing cell types (Munson et al., 2004). 
However, caution is necessary as serious tera-
togenic effects have been documented when 
the compounds were administered to preg-
nant rats (Taleporos et al., 1978), so adminis-
tration must be done with care to assure that 
only males receive the drug.

The compounds have been successfully 
used to induce spermatogenic arrest in dogs, 
grey wolves (Canis lupus), rats, guinea pigs, 
rhesus monkeys and humans (Munson et al.,
2004). A safety and efficacy trial in the male 
domestic cat demonstrated that 150 mg/kg 
of the bisdiamine WIN 18,446 (Fertilysin®,
SAF Bulk Chemicals, Milwaukee, Wisconsin) 
administered daily in food causes almost 
complete spermatogenic arrest in all treated 
individuals without damage to spermato-
gonia (Munson et al., 2004). These effects were 

reversible, with no adverse effects on general 
health, blood parameters or behaviour, 
although serum testosterone concentrations 
were significantly lower in treated than in 
control males. Whether this reduction was 
sufficient to cause loss of secondary sex char-
acteristics is unknown. Testosterone concen-
trations returned to normal within 3 months 
of the cessation of treatment (Munson, 2006). 
The main limitation to this contraceptive 
approach is that the cost of bisdiamines is 
currently prohibitive for most veterinary uses 
(Munson, 2006).

Carica papaya

The two principal compounds, MCP I (metha-
nol subfraction) and ECP I (ethyl acetate 
subfraction), isolated from the seeds of Carica
papaya, have been assessed for contraceptive 
properties in male albino rats (Lohiya et al.,
2005). For each compound, rats were dosed at 
50mg/kg daily for a period of 360 days, and 
assessment was continued for up to 90 days 
post treatment withdrawal. Both MCP I and 
ECP I were found to be equally effective con-
traceptives, resulting in no motile spermato-
zoa within the ejaculate after 90 days of 
treatment. Histology revealed that most path-
ology was associated with the Sertoli cells, 
while the Leydig cells and spermatogonial 
stem cells remained normal. Serum tes-
tosterone concentrations remained normal 
throughout the trial period. Semen param-
eters had commenced improvement by 90 days 
post treatment and no systemic toxicity was 
noted during the trial period. Initial research 
is encouraging, but further contraceptive and 
toxicological studies in different species are 
required.

Cuminum cyminum

A methanol extract of the Cuminum cyminum
seed induced infertility in male rats propor-
tional to the time of exposure (Gupta et al.,
2011). There was evidence of suppression of 
spermatogenesis and epididymal function. 
Importantly, there was also suppression of 
testosterone production, which may satisfy 
the requirement for behaviour modification. 
The infertility was reversible after cessation 
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of treatment and no adverse systemic effects 
associated with the treatment were noted.

Indazole-3-carboxylic acid and 
imidazole group of compounds

There are a number of compounds in the 
indazole-3-carboxylic acid group that have 
roles in medicine and fertility control (Bhowal 
et al., 2008; Mruk and Yan Cheng, 2008; Yan 
Cheng and Mruk, 2010). Included in this 
group are 2-(2″-chloroacetamidobenzyl)-
3-(3′-indolyl) quinoline and the imidazole 
group of compounds. The latter compou-
nds (such as metronidazole) are commonly 
used in clinical contexts to treat infections 
with anaerobic bacteria and flagellated pro-
tozoa (Bhowal et al., 2008). The action of 
2-(2″-chloroacetamidobenzyl)-3-(3′-indolyl) 
quinoline against flagellated cells may be a 
reason for it causing infertility, but it has also 
been reported to interfere with Sertoli cell 
function, reduce serum testosterone concen-
trations and alter seminal plasma alkaline 
phosphatase activity. Additionally, as func-
tional infertility was induced by the com-
pound within 1 to 2 weeks of treatment, there 
is an indication of a direct effect of the com-
pound on spermatozoa undergoing epididy-
mal maturation (Bhowal et al., 2008). Further 
investigation is required, but the initial results 
obtained with this compound suggest that it 
may be suitable for further assessment as a 
male contraceptive agent.

Another member of the indazole-3-
carboxylic acid group, adjudin (1-(2,4-
dichlorobenzyl)-1H-indazole-3-carbohydra-
zide, formerly called AF-2364), has been 
shown to inhibit spermatogenesis by disrup-
ting anchoring junctions at the Sertoli cell/
germ cell interface (Mruk et al., 2006). It has 
no effect on the HPG axis. In rats, rabbits and 
dogs, adjudin leads to germ cell loss from the 
seminiferous epithelium, and reversible 
infertility (Hu et al., 2009). Once adjudin is 
cleared from the systemic circulation (by 
24–48 h after cessation of treatment), fertility 
gradually returns over the duration of a sperm-
atogenic cycle. Unfortunately, when adminis-
tered systemically in current formulations 
at 50 mg/kg, adjudin can induce muscle atro-
phy and liver inflammation in male rats 

(Yan Cheng and Mruk, 2010). However, in 
recent studies, adjudin was conjugated to a 
recombinant FSH mutant to assist with drug 
delivery directly to the Sertoli cells. In this 
instance, the FSH mutant had no hormonal 
activity, but was still capable of binding to 
the Sertoli cell receptor and so delivered the 
adjudin directly to the target tissue (Mruk 
et al., 2006). This conjugation allowed the 
drug to be administered to rats at the greatly 
reduced total dose of 0.5 mg, thereby avoiding 
toxicity while still inducing reversible infer-
tility. Unfortunately, the cost associated with 
the production of recombinant FSH and its 
conjugation to adjudin is high and currently 
precludes commercial application of this 
approach to male contraception (Yan Cheng 
and Mruk, 2010).

Gamendazole – (trans-3-(1-benzyl-6-
(trifluoromethyl)-1H-indazol-3-yl)acrylic 
acid – is also an analogue of the indazole-
3-carboxylic acid group of compounds. The 
compound causes infertility in rats, which 
was achieved by 3 weeks in all seven rats 
receiving a single oral dose of gamenda-
zole at 3 mg/kg. This was followed by a 
recovery of fertility, which was observed by 
9 weeks in four out of these seven animals. 
Toxicology studies at doses of gamenda-
zole of approximately eight times the con-
traceptive dose demonstrated no gross 
histopathological changes (e.g. inflam-
mation, necrosis, haemorrhage or tumours) 
in any organ in all treated rats when com-
pared with untreated rats. As with 2-(2″-
chloroacetamidobenzyl)-3-(3′-indolyl) quino-
line and adjudin, it was concluded that 
the Sertoli cell was the primary target of 
gamendazole. Importantly, gamendazole 
did not affect serum testosterone concentra-
tions, though a transient increase in serum 
FSH was noted within 1 week of treatment 
(Tash et al., 2008).

It is relevant to note that three out of five 
adult rats died when dosed with gamenda-
zole at approximately 70 times the infertility 
dose (Tash et al., 2008). This is in contrast to 
the studies on adjudin, in which no deaths 
were reported when rats were treated with a 
comparable single dose, or when consecutive 
doses were administered (Mruk and Yan 
Cheng, 2008).
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Indenopyridines

Indenopyridines were initially developed 
as antihistamines, but subsequently were 
found to cause seminiferous epithelium 
dysfunction and testicular atrophy in mice, 
rats, dogs and monkeys (Hild et al., 2004, 
2007a; Yan Cheng and Mruk, 2010). Members 
of this group of chemicals appear to target 
the Sertoli cells, reducing their function 
within 3 h of administration (Hild et al.,
2007b), and leading to germ cell loss from 
the seminiferous epithelium. One member 
of the indenopyridine group of chemicals, 
CDB-4022, has been found to disrupt the 
microtubule network of the Sertoli cells 
within 24 h of administration, and interfere 
with adhesion proteins such as cadherin, 
catenin, nectin, afadin and integrin b1
(Koduri et al., 2008). Additionally, CDB-4022 
activates the mitogen-activated protein 
kinase (MAPK) pathway, interfering with 
mitosis, cell differentiation and cell proli-
feration (Kyriakis and Avruch, 2001). CDB-
4022 has variably produced either a reversible 
effect on fertility or irreversible infertility, 
depending on the species (Yan Cheng and 
Mruk, 2010). However, irreversibility may 
be prevented by pretreatment or concurrent 
treatment with GnRH antagonists (Hild 
et al., 2004).

Miscellaneous chemical 
inhibition of spermatogenesis

Intraperitoneal administration of serotonin 
(5-hydroxytryptamine) has been shown to 
produce a marked reduction in the tes-
ticular weight of rats, with concurrent 
reductions in testosterone and inhibin con-
centrations (Hedger et al., 1995). While 
serotonin is a neurotransmitter, it is also a 
secretory product of mast cells, and medi-
ates vascular (blood) flow changes during 
inflammation. After 4 days of serotonin 
administration at 10 mg/kg, the consequent 
reduced testicular weights and spermato-
genic activity were attributed to ischaemia 
resulting from constriction of the testicular 
artery (Hedger et al., 1995). The duration of 
the spermatogenic effects and reversibility 
have yet to be determined.

Contraception based on post-
spermatogenic inhibition of sperm 

maturation and function

Methods of achieving contraception by influ-
encing post-testicular sperm maturation and 
epididymal physiology are attractive options 
because they circumvent the problems associ-
ated with contraception that targets the inhi-
bition of spermatogenesis. Problems with the 
latter technique include extended lead times 
to induce azoospermia (or non-functional
spermatozoa), the common need for hormo-
nal use in the treatment regimen, the possibil-
ity of non-reversibility and the possibility of 
behaviour modification associated with 
androgen suppression.

In contrast, with post-spermatogenic
sperm inhibition, the onset of contraceptive 
benefits is dependent on epididymal trans-
port time. In many species this duration lies 
between 7 to 12 days, meaning that the onset 
of contraception can be rapid compared with 
methods that depend on interference with 
spermatogenesis (Cooper and Yeung, 1999).

Efforts to induce infertility by reducing 
the epididymal transport time of sperm, or 
modifying epididymal secretions, have not 
been successful, but a number of mechanisms 
have been identified and studied that have 
direct inhibitory action on post-spermatogenic
sperm function (Cooper and Yeung, 1999). 
There are comprehensive reviews available of 
investigations into post-spermatogenic sperm 
inhibition (Cooper and Yeung, 1999; Aitken 
et al., 2008; Yan Cheng and Mruk, 2010), so 
only some examples of these mechanisms 
and drugs will be described in this section.

Inhibiting sperm cation channels

Calcium plays a major role in important 
post-ejaculatory sperm functions, being 
necessary for sperm motility, capacitation, 
the acrosome reaction and, ultimately, fertili-
zation (Jimenez-Gonzalez et al., 2006; Aitken 
et al., 2008). Due to this role of calcium and the 
speed with which it can induce cellular 
changes, extensive mechanisms have evolved 
for controlling calcium activity. In addition to 
the many calcium-permeable channels that 
have been identified in spermatozoa, sperm 
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also express unique calcium channels (cation 
channels of sperm, or ‘CatSpers’) that are spe-
cifically active at the principal piece of the 
sperm (Yan Cheng and Mruk, 2010). The four 
CatSper genes are essential for male fertility 
and disruption of any one results in failed 
hyperactivation (Navarro et al., 2008; Yan 
Cheng and Mruk, 2010). The targeting of 
CatSper function has been suggested as a 
possible approach to male contraceptive 
development (Yan Cheng and Mruk, 2010). 
An example is the use of nifedipine, which is 
an anti-hypertension drug that blocks cal-
cium influx into sperm and affects sperm 
membrane cholesterol (Benoff et al., 1994). 
The calcium blockers verapamil and diltiazem 
are also known to affect sperm motility in rats 
(Yan Cheng and Mruk, 2010). The use of anti-
hypertension drugs for the control of male 
fertility is currently not an appealing contra-
ceptive approach in humans (Yan Cheng and 
Mruk, 2010), but may be suitable for animals. 
Further research is required if drugs that 
block CatSper, but not other ion channel pro-
teins, are to be identified.

GAPDH inhibitors

Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) inhibitors, are chemical 
agents that selectively hinder the sperm- 
specific GAPDH isoenzyme, leading to the 
suppression of sperm glycolysis (Barfield 
et al., 2006). Unfortunately, there is also some 
suppression of GAPDH in liver and kidney 
tissue (Aitken et al., 2008). These chemicals, 
such as a-chlorohydrin and ornidazole, 
induce infertility in rats when administered 
daily for 1 or 2 years. Whereas side effects 
are not observed at antifertility doses, they 
have been observed at higher dosages (five 
times the infertility dose), resulting in cur-
rent GAPDH inhibitors being considered 
unacceptable for use in humans (Jones and 
Cooper, 1999; Aitken et al., 2008). Synthetic 
GAPDH inhibitor compounds aimed at 
reducing side effects by improving specific-
ity in vitro were ineffective in vivo (Barfield 
et al., 2006). However, GAPDH inhibitors 
may be useful for controlling rodent popula-
tions where infertility or euthanasia may be 
suitable outcomes.

While gossypol is also an enzyme inhibi-
tor, it has serious side effects, such as 
hypokalaemic paralysis (Aitken et al., 2008). 
Specific contraceptive effects have, though, 
been isolated to the (–) enantiomer of gossy-
pol, which may provide an avenue for inves-
tigation as to whether treatment with this 
enantiomer alone may avoid adverse effects 
(Yu, 1987; Yu and Chan, 1998).

Induced flagellar dysfunction

Flagellar (sperm tail) deformation or dys-
function is seen in sterile males of several 
domestic species that are otherwise healthy 
and sexually active (Cooper and Yeung, 1999). 
One notable example is the Dag defect of 
sperm described in the bull. Flagellar dys-
function may be induced by a number of 
processes or chemicals, such as carnitine 
inhibitors (Cooper and Yeung, 1999), possibly 
gossypol (Aitken et al., 2008), and the c-ros
receptor block (adult male mice in which the 
c-ros receptor gene is knocked out show 
abnormal epididymal development) (Cooper 
and Yeung, 1999). Clinical trials will be neces-
sary to confirm the use of this approach, but 
the concept of inducing flagellar dysfunction 
(e.g. by inducing coiled sperm tails) has merit 
as a contraceptive technique.

Context-specific Applications of 
Male Contraception

Livestock

Cattle

Contraception in bulls prevents unwanted 
mating, allowing greater control over genetic 
gains through selective breeding (Newman, 
2007). A combination of contraception and 
behaviour modification is usually necessary 
with bulls, as aggressive behaviour and libido 
can result in serious problems. Compared 
with entire male cattle, castrated males are 
less aggressive, making them safer to handle 
and reducing damage to fences, gates and 
pasture. This means that they are easier to 
keep in paddocks than intact males after the 
time that sexual maturity would be reached 
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(Newman, 2007). Castrated animals are also 
less likely to fight other animals, thereby 
reducing bruising and injuries to themselves 
and other cattle (Bonneau and Enright, 1995).

Technologies such as GnRH vaccines, 
vaccines targeting sperm antigens, or GnRH 
agonists are all the subject of ongoing 
research, but they are not yet reliable enough 
for commercial application in cattle. Currently, 
the most reliable method of contraception for 
male cattle is to physically disassociate the 
blood supply from the testicles. This provides 
the generally desirable combination of con-
traception and behaviour modification and 
can be achieved by the open or closed tech-
niques described below. Even though these 
techniques are generally reliable and well 
tolerated, it should be noted that in a field 
situation, they are not suited to animals with 
conditions such as cryptorchidism or ingui-
nal hernia.

SURGICAL CASTRATION. Methods of castration 
for male cattle have been well described and 
the reader is referred to a report from Meat 
and Livestock Australia, which outlines in 
detail the different techniques used and the 
requirements for equipment and facilities 
(Newman, 2007). The report can be found 
online at: http://www.mla.com.au/Publications-
tools-and-events/Publication-details?pubid=
4007. Techniques have also been summarized 
in the earlier section of this chapter entitled 
‘Orchidectomy’, in the section on ‘Contraception 
Based on Surgical Techniques’.

Particular attention should be paid to the 
animal welfare and veterinary legislation for 
the jurisdiction within which animals are sur-
gically castrated. Variations in such legisla-
tion may include the need for some form of 
anaesthesia, the age categories (and restric-
tions to these) within which different proce-
dures may be utilized, the type of restraint that 
is acceptable during the procedure (in particu-
lar, the use of electrical restraint devices), and 
whether or not a procedure is considered to be 
an act of veterinary science.

NON-SURGICAL CASTRATION. Despite a large body 
of research, there is a conspicuous lack of 
commercially viable, non-surgical contracep-
tive options for bulls. Most options appear 

to be either still in the research and develop-
ment phase, or are apparently not commer-
cially viable in comparison with traditional 
contraceptive techniques. Currently, GnRH 
vaccines offer the most promising non-
surgical option in bulls, although there is also 
promise for the development of depot formu-
lations of GnRH agonists, which may allow 
slow release of the pharmaceutical concerned 
over a period of 12 months or more (Herbert 
and Trigg, 2005).

GNRH VACCINES. Perhaps one of the earliest 
attempts at a commercial non-surgical contra-
ceptive for cattle was the GnRH vaccine mar-
keted in Australia as Vaxstrate (Hoskinson 
et al., 1990). While this was targeted at 
females, it was proof of concept that an effec-
tive GnRH vaccine for cattle could be success-
fully produced and marketed on a commercial 
scale. GonaCon vaccine, a GnRH keyhole-
limpet haemocyanin (KLH) conjugate, has 
been successfully used in beef bulls to control 
reproductive behaviour (Price et al., 2003). 
After vaccination at 4 months of age and 
again at 12 months, males were found to 
have behaviours similar to those of steers. 
Unfortunately, studies assessing semen qual-
ity were not carried out in this trial. From this 
study, and from studies in other species, it can 
be concluded with reasonable confidence that 
this latter formulation of GnRH vaccine 
would currently be the most likely option to 
produce effective non-surgical contraception 
in bulls. However, the cattle industry demands 
a high degree of success to ensure good con-
trol over breeding programmes and to pre-
vent the bruising of beef. Therefore, extensive 
field trials will be necessary before any rec-
ommendation can be made for commercial 
application.

Horses

Other than reliable fencing, surgical castration 
is the most widely utilized method of contra-
ception in the stallion. Surgical castration is 
well described in equine surgical texts (Auer 
and Stick, 2012), with restraint options includ-
ing standing sedation with local anaesthesia 
or general anaesthesia. It is notable that com-
plications associated with surgical castration 
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are the most common cause of malpractice 
claims against equine practitioners (Wilson 
and Quist, 1993). The equipment that is tradi-
tionally utilized includes a scalpel blade and 
emasculators, but a recent innovation involves 
the use of a drill attachment known as the 
Henderson attachment, which appears to 
reduce post-surgical complications (Reilly 
and Cimetti, 2005). Up to now, as with cattle, 
there is a lack of commercially viable, non-
surgical contraceptive options for horses.

Equity™ is a GnRH vaccine available for 
use in mares in Australia, but it is not regis-
tered for use in stallions. GnRH vaccines 
(Burger et al., 2006; Janett et al., 2009) and 
GnRH antagonists (Hinojosa et al., 2001), 
have been trialled in stallions, and have gen-
erally resulted in reduced libido and impaired 
semen quality, but no treatment regimens 
have yet succeeded in producing reliable 
contraception. Both GnRH vaccines (Dowsett 
et al., 1996) and GnRH antagonists (Hinojosa 
et al., 2001) appear to be most reliable when 
used in peri-pubertal stallions; more variable 
responses are seen in mature stallions. In 
the case of GnRH agonists, the consensus is 
that stallions are remarkably resistant to 
downregulation of the HPG axis (Stout and 
Colenbrander, 2004), with responses to treat-
ment ranging from partial downregulation 
through to hyper-stimulation. Despite this 
variability, GnRH vaccines and GnRH anta-
gonists, in their current forms, may have a 
role in disease control, for example in pre-
venting equine viral arteritis shedding in stal-
lions (Burger et al., 2006).

Exogenous progesterone administration 
may help to modify stallion behaviour (Stout, 
2005), but daily administration is usually 
required and it may not be possible for proges-
togens to be used in competition animals. 
Neither is semen production reliably reduced 
with progestogen treatment (Stout and 
Colenbrander, 2004).

Sheep and goats

In sheep and goats, open surgical castration, 
or scrotal banding utilizing rubber rings 
(Elastrator™ rings) are the most common 
forms of male contraception (Earl et al., 2006). 
Vasectomy is used in specific situations where 

teaser rams are required for the stimulation 
of cyclicity in ewes (Boundy and Cox, 1996). 
There has been limited success with non-
surgical approaches, where GnRH vaccines 
appear to show the most promise (Earl et al.,
2006). GnRH agonists have also been found 
to suppress sexual behaviour and testicular 
function (Tillbrook et al., 1993), although no 
commercial trials appear to have been per-
formed yet.

Pigs

The surgical castration of young male pigs 
is used to assist management and to reduce 
the production of the tryptophan breakdown 
product skatole. Skatole, along with andros-
tenone, is responsible for the androgen-
induced odour known as ‘boar taint’ in pork 
from some intact males (Bonneau and 
Enright, 1995; Oonk et al., 1998). However, 
surgical castration is economically undesir-
able, as it leads to growth retardation, 
reduced carcass quality and higher produc-
tion costs due to more inefficient feed con-
version (Walstra, 1974). While there is ongoing 
research, currently the most feasible alterna-
tive to surgical castration seems to be the 
use of a GnRH vaccine (Oonk et al., 1998). 
Importantly, immunization of young intact 
male pigs against GnRH is effective at 
inhibiting genital tract development, reduc-
ing plasma gonadotrophin and testosterone 
concentrations, and decreasing fat andros-
tenone concentrations and the incidence of 
boar taint. The goal is to sustain testicular 
androgen production for as long as possible 
in order to maintain the production advan-
tages of anabolics, and then to administer 
the immunocontraception at a time that will 
reduce boar taint by the time of slaughter 
(Bonneau and Enright, 1995). Against this 
strategy is the finding of a more recent study 
which suggested that pigs need to be vacci-
nated between 10 to 14 weeks of age in order 
to achieve effective, long-term immunocas-
tration (Brunius et al., 2011).

Camelids

The effect of GnRH vaccination has been 
assessed in male camels (Ghoneim et al., 2012). 
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A Netherlands-produced GnRH-ovalbumin 
conjugate vaccine was utilized and, after two 
injections a month apart, was found to reduce 
serum testosterone concentrations, libido and 
sperm acrosome function.

Small animal population control

Dogs

Orchidectomy is the most common form of 
contraception used in dogs, even though the 
dog is probably also the species in which 
most non-surgical alternatives are becoming 
available. Options such as Esterisol™ or 
Zeuterin™ for chemically induced testicular 
degeneration, and GnRH agonists such as 
Suprelorin™ or Gonazon™ for reproductive 
suppression or other purposes (Goericke-
Pesch et al., 2010) are already used commer-
cially, and there is ongoing research on GnRH 
vaccines (Golden, 2009).

There is a significant body of research 
investigating the lifetime effects of contracep-
tion on canine health and well-being, with 
particular focus on surgical castration. These 
effects may vary depending on the age at 
which neutering occurs and also on whether 
or not the contraceptive regimen preserves 
androgen production. The advantages and 
disadvantages of early-age contraceptive 
techniques are not addressed in this chapter; 
although extensive reviews on the topic 
have been published (e.g. Howe et al., 2000, 
2001). Longitudinal studies conducted after 
surgical castration indicate that many of the 
adverse health issues encountered are related 
to the reduced production of sex steroid 
(Howe et al., 2001; Spain et al., 2004; Spay 
Neuter Task Force, 2011). With this in mind, it 
seems reasonable to suggest that non-surgical 
approaches to contraception that either pre-
serve androgen production, or provide reversi-
ble suppression of androgen production, are 
desirable goals.

ORCHIDECTOMY. Castration of the dog may 
be performed by either an open or closed 
technique, in which the testis is displaced 
cranially and exposed using a midline pre- 
scrotal skin incision. The technique is well 

described in various texts (e.g. Boothe, 2003; 
Fossum, 2007).

The complications of castration can be 
divided into short-term and long-term condi-
tions. Short-term complications include scro-
tal swelling, haemorrhage, bruising and 
infection. Long-term conditions associated 
with castration in companion animals have 
been summarized as follows (Spay Neuter 
Task Force, 2011):

• An increased incidence of neoplasia 
such as haemangiosarcoma, osteosar-
coma, transitional cell carcinoma and 
adenocarcinoma.

• An increased incidence of obesity.
• An increased incidence of autoimmune 

thyroiditis and hypothyroidism.
• An increased incidence of diabetes mellitus.
• An increased incidence of cranial cruciate 

rupture.
• An increased incidence of hip dysplasia 

(if castrated earlier than 5 months of age).
• A possible increased incidence of capital 

physeal fractures in castrated male cats 
that may be partially due to increased 
weight gain.

• Increased shyness and hiding behaviour 
in castrated male cats.

• A possible increased incidence of cogn-
itive dysfunction in castrated dogs.

While the list of possible long-term complica-
tions of castration may seem lengthy, these 
can be alleviated, or prevented, by utilizing 
contraceptive techniques that preserve the 
production of sex steroids.

Additionally, there are multiple benefits 
associated with castration unrelated to popu-
lation control, including:

• a reduced risk of testicular neoplasia in 
castrated dogs and cats (the incidence of 
testicular cancer in intact animals is com-
mon, though malignancy and mortality 
are low);

• a reduced risk of prostatitis, benign 
prostatic hyperplasia, prostatic cysts 
and squamous metaplasia of the pros-
tate in castrated dogs; and

• a reduced risk of perineal and inguinal 
hernia and perineal adenoma in cas-
trated dogs.
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INDUCED TESTICULAR DEGENERATION. ZA has 
been extensively evaluated as a sclerosing 
agent suitable for the induction of testicular 
degeneration in dogs (Tepsumethanon et al.,
2005; Oliveira et al., 2007; Levy et al., 2008). 
Studies suggest that it is capable of producing 
irreversible atrophy of the seminiferous 
tubules (Oliveira et al., 2007), thus making it 
suitable for long-term contraception. The pro-
cedure for intra-testicular injection in com-
panion animals involves gentle cleansing of 
the scrotum with soap and water. Alcohol 
and heavy scrubbing are to be avoided. Two 
tuberculin syringes clearly labelled left and 
right, and containing the doses calculated for 
each testicle, have 28G needles attached. The 
needle is inserted into the dorsocranial aspect 
of each testicle and directed caudally so that 
the tip is estimated to be at the centre of the 
testis. The solution is then gently injected 
(Levy et al., 2008). Product information sheets 
should be consulted, but injection volumes 
will range from 0.1 to 1.0 ml per testicle 
depending on its width. Abdominal cryp-
torchid animals are not suitable candidates 
for this procedure.

As noted previously, ZA should be used 
with caution as severe adverse reactions may 
occur in close to 4% of cases, including 
necrotizing reactions requiring surgical orchi-
ectomy and debridement (Levy et al., 2008). 
As the procedure does not require the admin-
istration of general anaesthesia, it is sug-
gested that induced testicular degeneration is 
currently most suited to otherwise high-risk
anaesthesia cases, or in socio-economic con-
texts that preclude the use of anaesthesia and 
surgery due to expense.

GNRH AGONISTS. Suprelorin™ (Peptech, Australia) 
is a deslorelin formulation for use in dogs 
that has been approved for use in a number 
of countries (Trigg et al., 2006). Two different 
implant doses are available for either 
6 (4.7 mg) or 12 (9.4 mg) months duration 
of contraception. The implants are placed 
subcutaneously, between the shoulder 
blades of the dog and are designed so that 
removal is not necessary. Implantation can 
be repeated safely at either 6- or 12-monthly 
intervals, respectively. Alternatively, imp-
lantation can be withheld if reversion to 

androgen production is considered benefi-
cial to the animal’s health or well-being.

Cats

The surgical castration of tomcats is a rela-
tively quick and safe procedure when com-
pared with the procedure in many other 
species and remains the most common form 
of sterilization in the feline. Under short-
duration general anaesthesia, the spermatic 
cord may be ligated either using suture mate-
rial, or using the spermatic cord itself – by 
placing an overhand knot in the cord 
(Fossum, 2007).

GnRH agonists have been successful in 
suppressing spermatogenesis and androgen-
related behaviour in domestic toms (Jewgenow 
et al., 2006; Munson, 2006; Goericke-Pesch 
et al., 2011) and large felids (Bertschinger et al.,
2006). The use of these drugs appears to be 
safe and reliable; however, to the best of our 
knowledge, none are registered for use in 
felines. Commercial products such as 
Suprelorin® and Gonazon® are registered for 
use in other species.

Initial trials utilising a GnRH-keyhole-
limpet conjugate vaccine (GonaCon®)
showed a reliable induction of antibody 
production and contraception (Levy et al.,
2004). Further development of GnRH vaccine 
technology has the potential to produce a 
commercially viable product in the near 
future. With the utilization of novel delivery 
techniques, there may also be a role for poly-
nucleotide vaccine technology to induce 
immunity to GnRH.

The bisdiamine compound Fertilysin®

has been trialled in toms and found to be 
non-toxic and reliable for use as a reversible 
contraception method (Munson et al., 2004). 
A qualification to its use is that it must not be 
used in queens owing to its potential to cause 
teratogenic abnormalities. Unfortunately, its 
current cost is likely to preclude its use as a 
feline contraceptive in the near future.

While methods of ductal obstruction 
have been trialled in toms, the unreliability of 
reversibility and the degree of surgical skill 
and time required make these methods 
impractical in application (Munson, 2006).
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Male contraception in wildlife and 
feral animal populations

Many of the current population control meas-
ures for feral or native vertebrates are domi-
nated by lethal procedures. Despite their 
perceived effectiveness, animal welfare consid-
erations, risks of environmental contamination 
and adverse effects on non-target species dic-
tate a need for the development and use of con-
traceptive population control technologies 
(Barfield et al., 2006). Taking into account the 
need for public acceptance of population con-
trol methods, plus the requirement for minimal 
disruption to social structure (Wang et al., 2011), 
there is also a need in some species for contra-
ception that preserves androgen production.

One of the biggest obstacles to the imple-
mentation of male contraception in wild or 
feral animals is a practical means of accurately 
administering the treatment. Most of the 
methods referred to in this chapter have 
potential for use as a contraceptive in wild 
animal populations, provided that there is 
a practical method for safe administration. 
If trapping or darting is to be avoided, the 
requirement for practical and safe administra-
tion dictates that treatments requiring injec-
tion or implantation are not ideal options. 
This leaves oral or vector distribution as the 
most practical alternatives.

Currently there are no contraceptives 
available for dissemination by insect, viral or 
other forms of vector technology, although 
polynucleotide vaccines hold future promise, 
so the oral dissemination of contraception in 
extensive populations is currently the only 
practical alternative. Methods of contracep-
tion suitable for oral administration are lim-
ited to the bisdiamines (Fertilysin®) (Munson 
et al., 2004), sex steroids and, possibly, SARMs. 
At present, significant research is required to 
formulate contraceptive products suitable for 
any given wild or feral species.

It must also be remembered that there is 
species variation in response to many of the 
proposed contraceptive techniques, requiring 
any product to be trialled in each species for 
which it is to be used. For example, treatment 
of male brush-tailed possums with the GnRH 
agonist deslorelin had no contraceptive effect 
(Eymann et al., 2007), despite its demon-
strated effectiveness in other species.

Conclusion

Contraceptive techniques in the male can be 
broadly categorized into surgical and non-
surgical options. For most domestic and pest 
species of animals, surgical contraceptive tech-
niques are currently the most commonly used. 
However, many non-surgical male contraceptive 
options have been investigated, with a number 
reaching the stage of commercial production. 
Disappointingly, a number of promising tech-
nologies appear to be stagnating for want of 
either adequate research interest, or the need for 
a multidisciplinary approach in order to develop 
products for specific animal and management 
applications. While not precluding other options, 
SARMs, calcium chloride, hormone–cytotoxin 
conjugates, GnRH antagonists, bisdiamines,
indenopyridines and polynucleotide vaccines 
all seem worthy of further investigation, with the 
latter holding promise of allowing interesting 
means of delivery to be developed. It is exciting 
that GnRH agonists and GnRH vaccines are 
currently achieving some, albeit small, share 
in the market for male animal contraception.

Some of the contraceptive techniques dis-
cussed in this chapter, such as SARMs and 
polynucleotide vaccines, may allow the selec-
tive retention or inclusion of contraceptive ele-
ments. Therefore, as these newer technologies 
develop it will be necessary for stakeholders to 
carefully consider the attributes of the ideal 
contraceptive for each circumstance.
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Introduction

The assessment of male reproductive health 
(clinical andrology), including the examina-
tion of the male genital organs, the ability to 
mate and the analysis of collected semen, is 
pivotal to the establishment of artificial 
insemination (AI) and the selection of breed-
ing sires (Foote, 1999). Laboratory semen 
assessment has become, along with the selec-
tion of the most suitable males (for productiv-
ity and fertility), more and more important 
for the diagnostics of semen processing steps – 
from sperm cryopreservation to sperm sorting 
for chromosomal sex. For unselected animals, 
semen assessment was the only means to 
determine whether a male was potentially 
fertile or not. In either case, we have experi-
enced an explosive development of in vitro
assays to determine sperm intactness and to 
measure sperm function.

Despite this availability of multiple 
assays, conventional semen evaluation is 
still often restricted to determinations of 
sperm numbers, sperm motility and, some-
times, but rather rarely, sperm morphology. 
Those few sperm parameters seem suffi-
cient, at least under commercial condi-
tions, to disclose the degree of ‘normality’ of 
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the testes (sperm numbers, morphology) and 
the epididymides (sperm morphology, motil-
ity). Underlying this approach is the funda-
mental axiom that an ejaculate must contain 
above a certain number of motile, morpho-
logically ‘normal’ spermatozoa in order to 
allow minimum sperm numbers to reach the 
oviducts for eventual participation in the 
complex process of fertilization, and finally 
lead to the safe development of a conceptus. 
This axiom is further reinforced by the 
increasing belief that, if sperm numbers were 
high, and despite the presence of morpho-
logical abnormalities, the female genital tract 
is able to select spermatozoa by morphology 
and, further, that motility is pivotal both in 
this selection and in the interaction with the 
female genitalia and the counterpart gamete 
(Holt and Van Look, 2004; Rodriguez-Martinez 
et al., 2005; Rodriguez-Martinez, 2007a; Holt, 
2009, 2011; Holt and Lloyd, 2010).

However, more and more methods are 
now available for semen evaluation that not 
only make it possible to disclose the level of 
‘normality’ of the male genital organs, but 
also the capability of spermatozoa (mostly 
their membranes but also their metabolomics) 
to interact with the surrounding fluids (the 
seminal plasma, or SP, female genital fluids 



510 H. Rodriguez-Martinez

and also in vitro culture media), cells (epithe-
lia, cumulus cells, oocytes) or extracellular 
material (the hyaluronan coating and the 
zona pellucida, or ZP) before fertilization. 
Methods are also available to disclose the 
status of the different organelles, and the 
integrity of the nuclear genome and of 
the available transcriptome, which are all rela-
ted to the capability to initiate early embryo 
development. Although some of these meth-
ods, particularly those of an ‘‘omic’ nature, 
are still restricted to the research bench, 
the accompanying development of relevant 
instruments, from computer assisted sperm 
analysers for motility (CASA, computer assisted 
sperm analysis for motility) or morphology 
(ASMA, computer assisted sperm morphometry 
analysis) to bench-model flow cytometers 
(FCs) are making assays accessible for clini-
cal diagnostics and for semen processing for 
use in assisted reproduction. The reader is 
advised to look at some of the many reviews 
that have become available over the past dec-
ade, and the references therein, which cover 
most of the developments made in the 
past second half of the last century (e.g. 
Rodriguez-Martinez and Larsson, 1998; 
Graham, 2001; Katila, 2001; Rodriguez-
Martinez, 2003, 2006, 2007b; Parkinson, 2004; 
Graham and Mocé, 2005; Guillan et al., 2005; 
Rijsselaere et al., 2005; Petrunkina et al., 2007; 
Rodriguez-Martinez and Barth, 2007; Mocé 
and Graham 2008).

The relevant questions here are: (i) is cur-
rent conventional semen evaluation suffi-
cient; and (ii) have we reached a level where 
current spermatological laboratory methods 
allow us to disclose the fertility of a male 
and/or his ejaculate, processed or raw? 
Conventional analysis of semen is most rele-
vant for the initial investigation of male 
infertility but, as concluded by this author 
10 years ago, only of limited value if predic-
tion of fertility is the aim (Rodriguez-
Martinez, 2003). Have we now made sufficient 
progress towards this goal? What will the situ-
ation be in 10 or even 20 more years? The pre-
sent chapter does not intend to forecast the 
future, but it does aim to critically review 
advances in semen assessment methodolo-
gies and the capacity that different assays have 
to prognose fertility (or, perhaps, infertility). 

Although far from exhaustive, the review 
attempts to provide a comparative view of 
the different species for which clinical andro-
logy and modern seminology interact with 
breeding strategies and the application of 
assisted reproduction technologies (ARTs). 
Particular attention is paid to new methods 
for determining DNA and transcript intact-
ness, as well as to those biomimetic in vitro
assays that, by resembling events during 
sperm transport, storage and interaction with 
the female genital tract and the oocyte, best 
provide clues for sperm selection and the role 
of sperm sub-populations in the ejaculate. 
Finally, it attempts to identify those tech-
niques that might be available for clinicians 
and breeders 20 years from now.

Clinical Andrology and Diagnostic 
Seminology: Can they Prognose 

Fertility – or Just the Risk Level of 
Never Reaching Fertile Status?

The clinical andrological examination of a 
sire, including the screening of his semen, 
aims not only to determine the normality of 
the function of his testes and genital tract, but 
also his capacity to mate. Such an examina-
tion provides an andrological diagnosis with 
a final estimation of his potential capacity to 
procreate, which, among animal breeders, is 
often known as a breeding soundness evalua-
tion (BSE). The BSE (as described in accom-
panying chapters), combines a general clinical 
examination, a detailed genital evaluation, a 
testing of the sire’s capacity to mate and labora-
tory evaluation of the ejaculate(s) (Kastelic and 
Thundathil, 2008). The BSE, mostly applied 
to production animal species, has helped us to 
identify clear-cut cases of infertility, or even 
of potential sub-fertility, thus facilitating the 
removal of sub-fertile males from both nat-
ural and assisted breeding (AI in particular).

For species other than production ani-
mals, andrological screening has also proven 
to be essential, especially when detailed semen 
evaluation has been included, to determine 
the causes of substandard semen/sperm qual-
ity, and to establish the risk of infertility. As 
such, it pursues a purely diagnostic purpose 
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(which is the primary objective of clinical 
andrology), when the restricted possibilities 
for treatment that we have for most patholo-
gies are considered. Diagnoses of infections 
(usually of the epididymides and the acces-
sory sexual glands/urethra) are seldom fol-
lowed by treatment in production animals, 
mainly because of the cost and relatively low 
rate of success of such treatments. Such infec-
tions are, however, often treated in com-
panion and sport animals in a manner that 
often mimics human medical treatments. 
The value of these treatments is, in many 
respects, questionable. Hormonal treatments 
of, for instance, cases of primary spermato-
genic failure (either diagnosable or idiopathic), 
are particularly discouraged, both for their 
relative ineffectiveness and because of their 
cost in domestic animals.

In species that usually have a compara-
tively ‘less good’ semen picture, for example 
the feline, canine or equine, semen evalua-
tion is directed towards the identification of 
whether the problem is related to sperm 
numbers or sperm dysfunction, as ‘treatment’ 
opportunities might be present even without 
hormones. Low sperm numbers in the ejacu-
late denote a low spermatogenic output, 
which might be optimized by the establish-
ment of an individual ‘rhythm’ of semen 
collections, taking care of maintaining sperm 
maturation thresholds and the best possible 
sperm output per ‘abstinence’ (or non- 
collection) period (time elapsed from last col-
lection). Often, this procedure might improve 
chances of fertility by the implementation 
of ‘controlled mating intervals’. Assessment 
of the type of sperm dysfunction that may be 
present is most relevant here so that the most 
appropriate type of assisted reproduction 
technology can be determined, e.g. low-
sperm dose AI, in vitro fertilization (IVF) or 
even intracytoplasmic sperm injection (ICSI), 
and, if possible, applied. This is relevant for 
some pet breeds and particularly for horses, 
where sub-fertility is widespread among stal-
lions and results with conventional IVF are, 
as yet, suboptimal.

The situation is far from similar in ani-
mals (mostly production animals) that have 
been selected for their fertility. Semen evalua-
tion in breeding sires of production species 

(such as the bovine, ovine or porcine) often 
goes beyond the primary diagnostic purpose 
(early diagnosis of subfertility, so that the sire 
is promptly removed to avoid unnecessary 
costs), and extends to prognose levels of their 
‘expected’ fertility before AI is used and their 
selection as top sires is decided upon. Thus, 
early identification and removal of the ‘not-
so-good’ sires is a priority.

Despite this, during clinical andrologi-
cal examinations, fertilizing capacity is not 
monitored by a simple spermiogram, and is 
often only assessed after breeding by natural 
mating or AI of a certain number of females. 
The recordings of fertility are, therefore, of 
utmost importance if a male is to be down-
graded, from ‘normal’ fertility output to sub-
fertility or, in serious cases, to permanent 
infertility (sterility). The registering of male 
fertility varies in stringency among species, 
mostly depending on the number of females 
involved. In some species (e.g. the equine and 
canine), sires breed relatively few females 
and, owing to the innate variation present 
between ejaculates and males, they yield fer-
tility results of less analytical reliability than 
livestock species in which sires breed with 
large numbers of females. In the equine, as 
stallions might breed with the same females 
over several oestrus cycles per season, the 
resulting cumulative fertility outcome ought 
to be properly expressed (as per oestrus or 
mating/AI, or per season) for reliable 
comparisons.

The bottom line is that the larger the 
number of females mated or inseminated 
with a certain male, the higher the stringency 
of the fertility registry. Controlled mating or 
AI is used in livestock (bovines, ovines, por-
cines) where the ejaculate of a sire is used on 
a large number of females via AI and the 
number of bred females is high, both allow-
ing an adequate register of male fertility via a 
large number of opportunities of conception. 
In dairy cattle, there is a generalized use of 
the average rates of non-return to oestrus 
(non-return rates, NRR) when 28, 56, 60–90 
or 124 days have elapsed since the first AI. 
The NRR is a composite parameter, resulting 
from conception and gestation variables, 
two essential events that show the effective-
ness of AI. These data must be corrected for 
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conditioning factors using appropriate statis-
tical methods (mixed model, repeated meas-
ures); these modify the initial means by the 
effects of the herd (number of animals, loca-
tion of farm), the number of AIs (1st or 2nd), 
female characteristics (age, parity, milking 
stage, etc), year, season, inseminator, day of 
the week, etc., to avoid drawing false conclu-
sions. In addition, sire fertility varies over 
time (Hallap et al., 2004, 2006a), and this must 
be considered too. Boar studs can be sub-
jected to a similar approach, while introduc-
ing new parameters such as prolificacy 
(number of piglets born) and even viability 
(numbers of piglets born alive).

Estimations of in vitro fertility depend on 
the type of test used to study a heterogeneous 
suspension of pluri-compartmental, termin-
ally differentiated cells: the spermatozoa. 
Current assessment of ejaculated spermato-
zoa focuses almost solely on the number of 
spermatozoa (per unit of volume, i.e. concen-
tration or as total per ejaculate) and their 
motility (sometimes including their kine-
matic patterns, if a CASA instrument is used), 
although other aspects, such as pH and ejacu-
late volume are also included. Few studies are 
published on the relation between neat semen 
and fertility because after collection (when it 
is at 35°C), semen is always extended and 
then either chilled or frozen (from room tem-
perature at +20°C, or fridge temperature at 
+5°C, or anything in between), and used 
thereafter for AI; these processes introduce 
other variables into the assessment of semen 
(its extension, dilution of the SP, additive 
effects, cooling, time, etc) – considerations that 
will be discussed later. The same considera-
tions apply to sperm numbers, which implies 
that each sperm AI dose contains a specific 
number of spermatozoa. However, as han-
dling (including cryopreservation and other 
manipulations) causes cell death, shortens 
lifespan and modifies the fertilizing capacity 
of various proportions of spermatozoa, sperm 
numbers in an AI dose are often excessive so 
that breeders are safeguarded in providing 
fertility to their customers. Only when viable 
sperm numbers are decreased to possible 
‘threshold numbers’ do we see a proven rela-
tion between sperm numbers and fertility 
(Tardif et al., 1999; Christensen et al., 2011).

Subjectively assessed sperm motility has 
been statistically related to fertility even for 
post-thawed semen in bulls (Rodriguez-
Martinez, 2003) and in pigs (Cremades et al.,
2005). Studies in other species have yielded 
erratic results, with large variation between 
laboratories, owing to operator bias and 
differences in numbers of breedings/female 
numbers used to determine fertility (Rodriguez-
Martinez, 2006). Kinematic analyses using 
CASA instruments have shown variable cor-
relations between particular motility pat-
terns, such as linearity, and fertility in the 
field (Bailey et al., 1994; Holt et al., 1997; 
Zhang et al., 1998; Hirai et al., 2001; 
Januskauskas et al., 2001, 2003). Further, com-
bining motility patterns with other parame-
ters of sperm function in AI dairy sires has 
allowed a reasonable estimation of fertility 
(Januskauskas et al., 2001), as exemplified in 
Fig. 19.1. Major constraints for conventional 
CASA instrumentation relate to the variabil-
ity between users (Ehlers et al., 2011), as well 
as to the low sperm numbers analysed per 
sample; when these factors are combined 
with the still high cost of the instrumenta-
tion, the wider use of CASA instruments is 
jeopardized (Feitsma et al., 2011). There is 
now alternative instrumentation available 
(Qualisperm™, Biophos, Switzerland, Plate 62) 
that is based on a different principle from that 
used in CASA, i.e. the classical digitalization 
of centroid movement over time. This novel 
technology is based on correlation analysis of 
single particles (spermatozoa) in confocal 
volume elements. Individual spermatozoa 
are projected on to a pixel grid of a CMOS 
(complementary metal-oxide semiconductor) 
camera, and the algorithm analyses the num-
ber of fluctuations using a correlation func-
tion instead of trajectories (as in the CASA 
system). The new system benefits from a high 
throughput (usually four fields per minute) 
and analyses >2000 spermatozoa/sample; 
it has been thoroughly tested on several spe-
cies (Tejerina et al., 2008, 2009; Johannisson 
et al., 2009).

Most often, the proportion of morph-
ologically normal spermatozoa in the ejaculate 
of a bull is related to its fertility post AI 
(Phillips et al., 2004; Al-Makhzoomi et al.,
2008), by reflecting, together with sperm 
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numbers and their motility, the degree of nor-
mality of spermatogenesis and sperm matu-
ration within a cohort of sires. Continuous 
selection of breeding sires, and of dairy bulls 
in particular, for sperm quality (including 
morphology) has substantially decreased the 
incidence of sperm abnormalities in bulls of 
similar age within the space of 30 years (see 
Rodriguez-Martinez and Barth, 2007).

Morphological abnormalities are always 
present in any ejaculate, although various 
forms of abnormality differ in their impact 
on fertility. Some are specific defects that 
hamper fertilization, while others, such as the 
pyriform or pear-shaped sperm head devia-
tion, impair proper embryo development 
(Rodriguez-Martinez and Barth, 2007), thus 
calling for frequent (intervals of 2 months) 
detailed assessments of sperm morphology in 
AI stud sires using wet or stained smears 
(Plate 63a,b). The reliability of such analyses 
requires large numbers of spermatozoa to be 
assessed per sample, i.e. 200 per wet-smear
and 500 for stained sperm heads; the latter 
allows for determinations of defects that have 
clear relationships with fertility due to their 
uncompensable nature, such as the pyriform 
sperm head shape (as an expression of a 
defective chromatin condensation during 
spermiogenesis) (Al-Makhzoomi et al., 2008). 
Software for the ASMA system has been 
developed since the 1980s, and has now 
reached an acceptable reliability for the ana-
lyses of sperm head dimensions, though other 

types of sperm abnormalities cannot yet be 
determined (Auger, 2010), and nor are there 
clear relationships of sperm head morpho-
metry with fertility (Saravia et al., 2007b; 
Gravance et al., 2009).

Does the Exploration of Other Sperm 
Attributes, including Testing Sperm 

Function In Vitro, Prognose Fertility?

At specialized laboratories, the evaluation of 
semen in vitro goes beyond routine andrologi-
cal screening. First of all, these laboratories 
attempt to disclose biomarkers of sperm func-
tion (e.g. intactness and reactivity of mem-
branes, organelles, chromatin, etc.) that have 
proven relevant for fertilization (Silva and 
Gadella, 2006). Thereafter, they explore, via 
in vitro testing, how relevant the interactions 
are that occur between the spermatozoa and 
the female genital tract, and with the oocyte 
vestments; they also examine the process of 
fertilization itself, including the early develop-
ment of the embryo. Finally, they seek to deter-
mine how the different outcomes relate to 
fertility (Rodriguez-Martinez, 2007b). A sum-
mary of current exploration methods for these 
sperm attributes, and of the various functional 
tests available, is provided in Table 19.1.

Intactness, stability and reactivity of the 
plasma membrane to stimuli from surround-
ing fluids and cells are prerequisites for the 
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Table 19.1. Summary of sperm attributes to be evaluated, current and possible future methods for assessment, and their individual or combined relations to fertility.

Attributes of sperm (or seminal plasma)

Current methods (with note of stain/
probe/test used, where relevant; 
see text for further details)

Relation to fertility (r)
Future/possible best 
method/sSingle Combined

Numbers Manual counting, cytometers, 
Coulter counters

0.2–0.8 0.7–0.9 True volumetric counting, 
fluorescent staining

Motility Operator-driven, computer assisted 
sperm analysis (CASA)

0.3–0.6 Computerized fluctuation 
analysis

Morphology Manual (wet and stained smears), 
computer assisted sperm 
morphometry analysis (ASMA)

0.1–0.8 ASMA

Membrane Integrity

Stability, reactivity

Microscopy (Mic): phase contrast; 
eosin–nigrosin, HOS-t

Mic/flow cytometry (Mic/FC): CFDA, 
SYBR-14/PI, EtdH, H33342

Mic or FC: Mero-540, Yo-PRO-1, 
SNARF-1, Annexin V/PI

0.4–0.8

–

Cytomics (FC and imaging)
-Live/Dead fixable

Red Dead Cell Stain Kit

Cytomics-triple stain 
(SNARF-1,YO-PRO-1, 
EtdH), HA (hyaluronan)
-binding kits

Acrosome Intactness, reactivity Mic: wet/stained smears
Mic/FC: SYBR-14/PE-PNA/PI, 

FITC-PNA/PSA-PI, Ca 
ionophoresa

0.6–0.8a Enhanced digital 
imaging

Mitochondria Integrity Mic: wet/stained smears, 
Rhodamine, JC-1

0.5–0.6

Physiological status Mic/FC: MitoTracker 
Green or Deep Red

– Cytomics-Mitotracker 
Deep Red

Oxidative stress ROS (reactive oxygen 
species)/LPO
(lipid peroxidation)

FC: H2DCFDA, MITO Sox, 
BODIPY probes

0.2–0.4 – Cytomics-BODIPY probes

Chromatin/DNA
intactness

Mic: Feulgen/acridine stain
Mic/FC: TUNEL, COMET, 

SCSA,b SCD (Halo)

0.3–0.9b – Cytomics-SCD
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Capacitation Membrane instability, 
Ca2+ influx, tyrosine 
phosphorylation

Mic: Mero-540, INDO-1, FLUO, 
CTC, fluorescein isothiocyanate-
conjugated anti-phosphotyrosine 
(pY) antibody

0.5–0.7 0.6–0.7 HA-binding kits, Ca 
ionophores

Binding Female lining 
epithelium

In vitro tubal explant binding 0.5 Microfluidics, physiological 
(bicarbonate) effector 
challenge

Zona pellucida (ZP) In vitro ZP-binding assays 0.5
Fertilization/

embryo 
development

ZP/oolemma
penetration, zygote 
formation

Cleavage/blastulation

IVM/IVF (in vitro maturation/
fertilization) penetration rate/
polyspermia

0.5–0.6

IVF cleavage rate, morula/
blastocyst rate

0.3–0.5

Selection Washing and 
centrifugation, filtration 
(Sephadex, glass wool), colloid 
separation (Percoll, Silane), swim 
up/down, FC sorting

0.2–0.5 – Silane colloid separation, 
HA-binding kits

‘omic analyses Genomics DNA decondensation rate – – Gene chips
Epigenetics DNA methylation rate – –
Transcriptomics Microarrays, serial analyses – – Microarrays
Proteomics SDS, PAGE, MALDI-TOF 

(matrix-assisted laser 
desorption/ionization)

– – Selective protein kits

Seminal plasma Proteomics

Cytokines/Chemokines

SDS, PAGE, MALDI-TOF

ELISA, Luminex

0.3–0.6

–

–

–

Fertility-associated 
proteins (FAPs)

Selective kits
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viability and fertilizing capacity of the sperma-
tozoon. The simplest method used nowadays 
to study the integrity of the plasmalemma, 
besides microscopy using wet smears or the 
use of the membrane-impermeable dye eosin 
(such as the eosin–nigrosin test), is to expose 
spermatozoa to a hypo-osmotic saline solu-
tion (HOS-test or HOS-t). Cells with an intact, 
functional membrane change in volume by 
allowing water to enter the cell. Results from 
both the HOS-t and its subsequent develop-
ment into the ‘cell volumetric electronic cell 
sizing method’ (Neild et al., 2000; Petrunkina 
et al., 2001) have provided significant correla-
tions with fertility.

Fluorophores have been used for over 
two decades to assess membrane integrity, 
with tests ranging from the use of dyes/
probes that react with cytoplasmic enzymes 
to those that bind with the DNA, the latter 
being either permeant or impermeant (Silva 
and Gadella, 2006). One example is the per-
meant acylated membrane (AM) loading dye 
SYBR-14, which deacylates once it enters the 
living cell and binds to DNA, emitting a green 
fluorescence when excited by blue or UV 
light. It is used in combination with propid-
ium iodide (PI) or ethidium homodimer 
(EtdH) to stain deteriorated cells by targeting 
the same DNA. SYBR-14/PI or SYBR-14/EthH 
provides simultaneous information on the 
proportions of live/dead cells in the sample 
(Plate 64a,b). Microscopy or flow cytometry 
(FC) can be used for screening (Kavak et al.,
2003; Nagy et al., 2004; Saravia et al., 2007a). 
However, as most DNA is found in the sperm 
head (although there is also some in the mito-
chondria), the assay indicates the integrity of 
the plasma membrane of the head domain 
and, ultimately, damage in the midpiece but 
not in the tail. Microscopy therefore provides 
more information than FC, but FC compen-
sates for this shortcoming by allowing the 
examination of larger numbers of sperm 
(Martinez-Pastor et al., 2010; Hossain et al.,
2011a; Petrunkina and Harrison 2011).

The most advantageous use of fluoro-
phores is when they are combined. For 
instance, subtle changes in the plasma mem-
brane such as modifications in permeability 
can be disclosed by combining several fluo-
rescent probes, such as SNARF-1, YO-PRO-1

and ethidium homodimer, the so-called triple 
stain (Peña et al., 2005a, 2007), as exemplified 
in Plate 65. Viable, membrane-stable sperm-
atozoa are able to pump out small probes such 
as YO-PRO-1, which always enters living 
cells. Sub-viable cells, i.e. those with incipient 
membrane destabilization, become perme-
able and unable to pump out YO-PRO-1,
which then stains the DNA bright green 
and can easily identify the sub-viable cells 
before they show other signs of degeneration 
(Peña, 2007). Membrane permeabilization is 
followed by modifications of the position of 
phospholipids such as phosphatidylserine 
(PS), which can be mapped by the fluorophore 
combination of Annexin-V/PI (Januskauskas 
et al., 2003; Peña et al. 2003, 2005a, 2007; Saravia 
et al., 2007a). Earlier changes in the membrane, 
related to the destabilization of the lipid layer, 
can also be followed using a triple combination 
of fluorophores: Merocyanine-540 (Mero-540), 
YO-PRO-1 and Hoechst 33342. Plate 66a–b 
shows typical readings obtained using two dif-
ferent probe combination for the estimation of 
sperm asymmetry. This approach has proven 
effective in disclosing defective spermatozoa in 
several species, and gives good correlations 
with fertility (Hossain et al., 2011a).

Acrosome intactness, a prerequisite for 
fertilization, can be readily examined in vitro
using phase contrast microscopy (Rodriguez-
Martinez et al., 1998), or it can be examined 
by fluorophore-linked lectins using multi-
parametric analysis (Nagy et al., 2003, 2004). 
Spermatozoa can be stained with different 
dyes, i.e. SYBR-14/PI to identify membrane 
integrity, with PE-PNA(phycoerythrin conju-
gated peanut agglutinin) for acrosome integ-
rity (see Plate 67), and Mitotracker Deep Red 
for mitochondrial intactness (Nagy et al., 2003, 
2004). The intactness of the approximately 
100 mitochondria of sperm is indispensable 
for cell life and function, from motility to 
capacitation. Despite this, correlations between 
mitochondrial status and fertility have been 
variable, mostly owing to the changes in mito-
chondria functionality over time, as monitored 
when using the mitochondrial stain JC-1 
(5,50,6,60-tetrachloro-1,10,3,30-tetraethylb-
enzimidazolyl-carbocyanine iodide), which 
can discriminate between spermatozoa with 
poorly and highly functional mitochondria 
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(Martinez-Pastor et al., 2004; Hallap et al.,
2005b; Peña et al., 2009), as exemplified in 
Plate 68a,b.

Besides energy, sperm mitochondria pro-
duce by-products of the metabolism of oxy-
gen, including superoxide. This superoxide 
converts into the damaging hydrogen perox-
ide, a reactive oxygen species (ROS), which is 
mostly, but not completely converted to oxy-
gen and water by the enzymes catalase or 
superoxide dismutase (also known as antioxi-
dants or scavengers). A certain level of ROS is 
essential for sperm function, including ferti-
lizing capacity, but only when it is kept at 
optimal levels by the antioxidant capacity of 
SP (Awda et al., 2009; Mancini et al., 2009; 
Am-in et al., 2011). When excessive numbers 
of leucocytes are present in the ejaculate or 
the semen is subjected to oxidative stress (as 
during cooling in the absence of SP or other 
natural scavengers), increased ROS genera-
tion, either extrinsic (leucocytes) or intrinsic 
(sperm neck cytoplasm in immature or morph-
ologically abnormal mitochondria), act to 
deteriorate sperm motility (Guthrie et al., 2008), 
sperm membranes – through lipid peroxida-
tion (LPO), and DNA integrity – via breakage 
and cross linking of the chromatin (Aitken 
and West, 1990; Koppers et al., 2008). ROS lev-
els are very variable, making their proper 
determination difficult, though this is pos-
sible using the probe hydroethidine. Plate 69 
shows such an FC mapping of sperm ROS 
obtained by loading the sperm with hydro-
ethidine and Hoechst 33258. A useful alterna-
tive, which measures oxidative stress and 
ROS effects indirectly, is to determine the 
levels of LPO in the membrane lipid bilayer 
by using the 5-iodoacetamidofluorescein 
probe family (BODIPY-C11

®) (Aitken et al., 2007; 
Guthrie and Welch, 2007; Ortega Ferrusola 
et al., 2009a). A representative scanning in stal-
lion spermatozoa is shown in Plate 70a-d.

Mammalian spermatozoa have tightly 
compacted eukaryotic DNA, established by 
transformations during spermiogenesis in 
which the sperm chromatin replaces his-
tones, first by transient proteins and then by 
protamines (Oliva and Castillo, 2011). The 
DNA strands are highly condensed by these 
protamines and form the basic packaging 
unit of sperm chromatin: the toroid. Toroids 

are even further compacted by intramole-
cular and intermolecular disulfide cross 
links between protamine cysteine residues 
(Schulte et al., 2010). There are differences in 
compaction between species; those with less 
compacted chromatin (equines or canines, 
for instance) are theoretically more prone to 
DNA damage. Protamine deficiency in 
loosely packed chromatin can be monitored 
by the fluorochrome chromocanmycin-A3 
(CMA3) (Tavalaee et al., 2010).

Sperm chromatin can show different 
abnormalities related to compaction: from 
damage to the actual DNA physical integrity – 
as single- or double-stranded DNA strand 
breaks, nuclear protein defects interfering 
with histone or protamine conversion and 
DNA compaction – to chromatin structural 
abnormalities such as defective tertiary chro-
matin configuration. The latter scenario 
implies that defects will occur in the decon-
densation of the nucleus, thus impairing 
fertilization, whereas the other defects can 
jeopardize embryonic development as the 
oocyte (albeit being able to repair a limited 
amount of sperm DNA damage) would not 
be able to correct such damage (Johnson et al.,
2011). Sperm DNA disorders also include 
mutations, epigenetic modifications, base 
oxidation and DNA fragmentation (which is 
also related to sperm handling). In accord 
with knowledge of its increasing relevance, 
the evaluation of DNA integrity has increased 
over recent years (Barratt et al., 2010).

DNA fragmentation, by being consider-
ably present in the sperm of sub-fertile males, 
is considered to be the most frequent cause of 
paternal DNA anomalies transmitted to pro-
geny. Damaged sperm DNA may be incorpor-
ated into the genome of the embryo, and 
participate in or lead to errors in DNA replica-
tion, transcription or translation during embryo 
development, ultimately contributing to dis-
eases in future generations (Katari et al., 2009). 
Moreover, DNA damage may remain in the 
germ line for generations, a matter of concern 
related to the increasing use of ICSI (which, 
today, is even used in animals) (Aitken et al.,
2009). Sperm DNA fragmentation can be 
studied by many techniques, including stain-
ing with the DNA fluorophore PI, which, in 
species where DNA compaction is not high, 
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can present two types of staining, i.e. dimmer 
and brighter (Muratori et al., 2008). The for-
mer relates to low sperm quality, while the 
latter is present among spermatozoa with 
good motility and morphology, without nec-
essarily affecting their capacity to fertilize. 
This might not represent a problem, provided 
that the amount of damage is not high, 
because a fully mature oocyte has the capabil-
ity to repair some degree of DNA damage, for 
instance single-stranded DNA breaks.

Several methods are used to determine 
DNA damage: (i) the single-cell gel electropho-
resis assay (COMET); (ii) the terminal deoxy-
nucleotidyl transferase-mediated fluorescein-
dUTP nick-end labelling (TUNEL) assay; 
(iii) the acridine orange test (AOT); (iv) the
tritium-labelled 3H-actinomycin D (3H-AMD) 
incorporation assay; (v) the in situ nick trans-
lation (ISTN) assay; (vi) the DNA breakage 
detection-fluorescence in situ hybridisations 
(DBD-FISH) assay; (vii) the Sperm Chromatin 
Dispersion test (SCD Halo); or (viii) the eva-
luation of the degree of induced denatur-
ation of the DNA (the so-called ‘sperm 
chromatin structure assay’, SCSA) (Fraser, 
2004; Evenson and Wixon 2006; Tamburrino 
et al., 2012). Examples of spermatozoa exam-
ined with some of these techniques are illus-
trated in Plate 71a–d. Most of the above 
methods can use fluorescence microscopy, 
but SCSA and TUNEL are usually explored 
via FC.

Although SCSA has been extensively 
used, the outcome has provided conflict-
ing relationships with fertility (Rodriguez-
Martinez and Barth, 2007; Christensen et al.,
2011). The conflict has arisen from a single 
study relating the percentage of spermatozoa 
with denatured DNA (through an index of 
DNA fragmentation, DFI), to high, moderate 
or very low fertility values in humans, when 
DFI thresholds of ~0–15%, 16–29% and >30%, 
respectively, were recorded as in direct rela-
tion to the pregnancy outcome using ART 
(Evenson and Jost, 2000). Such relationships 
have been questioned (Collins et al., 2008). 
A threshold for sub-fertility in bulls and boars 
has also been calculated (as percentage DFI), 
albeit using semen from young, unproven 
bulls with low fertility (40–60% of 90 day 
NRRs) and boar semen without any fertility 

recordings (Rybar et al., 2004). These calcu-
lated threshold values (20% for bulls and 18% 
for boars) were much lower than those 
obtained with human semen. The lack of reli-
able fertility data when calculating these 
limits also leaves these values highly ques-
tionable, especially in the light of other, well-
controlled studies of AI-sires with proven 
and varied fertility, in which neither proven 
stud bulls nor stud boars in AI-breeding 
programmes reached these high values. For 
instance, sperm DFI values (even as a per-
centage of cells with high COMP at values 
(i.e. cells outside the main population with a 
high proportion of single-stranded DNA over 
single + double-stranded DNA) in breeding 
sires are low (<5%) (Boe-Hansen et al., 2005; 
De Ambrogi et al., 2006; Christensen et al.,
2011), even in frozen–thawed semen, where 
the processing ought to facilitate DNA dam-
age (Januskauskas et al., 2001, 2003; Martinez-
Pastor et al., 2004; Hallap et al., 2005a; 
Hernández et al., 2006; Chistensen et al., 2011). 
Conversely, equine sires unselected for sperm 
quality had higher DFIs and these lacked a 
clear relationship with equine fertility 
(Morrell et al., 2008).

SCSA does not specifically identify the 
amount of DNA damage, unlike TUNEL, but 
rather its susceptibility to harsh treatment. 
The TUNEL method is more cumbersome 
though, and this has led to modifications of 
the method. For example, a TUNEL/PI pro-
cedure is now available that combines the 
accuracy of TUNEL and the differentiation of 
two sperm populations depending on PI 
intensity, of which one is probably partici-
pating in fertilization as the damage has no 
relationship with either sperm motility or 
morphology (Muratori et al., 2008). Alter-
natively, the use of dithiothreitol (DTT) to 
decondense sperm nuclei and inclusion of a 
stain for dead cells provides a higher accessi-
bility to the TdT (terminal deoxynucleotidyl 
transferase) enzyme of TUNEL, in combina-
tion with the detection of DNA fragmentation 
in live spermatozoa (Mitchell et al., 2011). 
Taking all the above considerations into 
account, TUNEL appears to be a more sensi-
tive method to predict infertility than SCSA, 
as determined in a recent meta-analysis (Zini 
et al., 2008).
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DTT and detergents (as sodium dodecyl 
sulfate, SDS) have been used to study the rel-
ative capacity of sperm nuclei to decondense 
in vitro, in an attempt to establish a method 
that resembles the process needed to form a 
male pronucleus during fertilization. The 
degree of decondensation can be assessed 
microscopically (Rodriguez et al., 1985) or via 
FC after PI loading (Córdova-Izquierdo et al.,
2006), and has shown relationships with 
fertility in sheep and pigs, respectively. 
Apoptotic-like changes and the presence of 
apoptotic markers have been detected in spe-
cies in which retained cytoplasmic droplets 
are common, such as in the equine (Ortega 
Ferrusola et al., 2009a,b, 2010). However, 
although the presence of caspases – the pri-
mary agents of apoptosis – is clearly related 
to sperm storage and cooling qualities, it 
remains unclear as to whether their presence 
is biologically relevant for male fertility.

Functional Assays, Higher 
Discriminatory Value?

The structural integrity attributes of the sperm 
that have already been described are a prerequi-
site for sperm function, provided it is proven 
that they work in a concerted manner. For 
instance, it is logical to consider that the deter-
mination of membrane integrity in ejaculated 
spermatozoa is linked with sperm motility, as 
well as with the capacity of viable spermato-
zoa to undergo sperm capacitation and change 
their activated motility to a hyperactivated 
pattern, as occurs in vivo (Rodriguez-Martinez, 
2007a). Sperm capacitation is, moreover, a step-
wise process that includes the removal of 
epididymal and SP-adsorbed proteins, loss of 
membrane cholesterol, an increase in mem-
brane fluidity due to lipid modifications, an 
influx of Ca2+ to the sperm perinuclear and 
neck regions and flagellum, the generation of 
controlled amounts of ROS, as well as the 
phosphorylation of protein residues (Gadella 
and van Gestel, 2004; Harrison and Gadella, 
2005; O’Flaherty et al., 2006; Tulsiani et al., 2007; 
Fabrega et al., 2011). These are steps that can be 
measured in vitro and, ultimately, associated 
with the fertility of the males.

The earliest stages of sperm capacitation, 
those related to bicarbonate and Ca2+ triggered 
phospholipid scrambling, can be mapped 
using Merocyanine-540 or Annexin-V, as these 
measure general or specific destabilization 
of the plasmalemma and both are related to 
the fertility of the semen assayed, either fresh 
(Harrison, 1997) or frozen–thawed (Peña 
et al., 2004, 2007; Januskauskas et al., 2005; 
Hallap et al., 2006b), when a bicarbonate chal-
lenge has been used (Bergqvist et al., 2006; 
Saravia et al., 2007a).

Calcium influx elicits tyrosine phos-
phorylation, and apparently initiates sperm 
capacitation and hyperactivation (Suarez, 
2008a,b). Therefore, mapping of low intracel-
lular Ca2+ levels in spermatozoa should be a 
good parameter for discriminating between 
semen samples (or even individual boars) 
(Hossain et al., 2011b; Waberski et al., 2011). 
Ca2+ influx and displacement within the sperm-
atozoon have been followed throughout 
capacitation using Indo-1 acetoxymethylester 
or Fluo-loaded spermatozoa (Hossain et al.,
2011a,b). Most changes in relation to capacita-
tion are registered during the later stages of 
this process, and can be indirectly visualized 
by the incubation of viable spermatozoa with 
the fluorescent antibiotic chlortetracycline 
(CTC), which monitors the displacement of 
Ca2+ in the sperm head, in preparation for 
the occurrence of the acrosome reaction (AR) 
(Rodriguez-Martinez, 2007a). In AI bulls 
with known fertility, the proportion of non-
capacitated spermatozoa (CTC stable, unre-
acted) in AI semen samples was significantly 
related to fertility (Thundathil et al., 1999; 
Gil et al., 2000). The capacitation of sperm-
atozoa, following Ca2+ and bicarbonate sig-
nalling, activates adenylate cyclase and the 
resulting cAMP in turn activates intracellular 
protein kinases that enrich the equatorial sub- 
segment in tyrosine-phosphorylated proteins 
(Piehler et al., 2006; Jones et al., 2008). There is 
now an anti-phosphotyrosine antibody, and 
FC can estimate the amount of global protein 
residue phosphorylation in the sperm plasma 
membrane, thereby providing evidence of 
the real-time proportion of spermatozoa that 
might have engaged in the process of capaci-
tation (usually 5–10% of all cells at a given 
time) (Sidhu et al., 2004).
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In conjunction with capacitation in the 
oviduct, spermatozoa change their pattern of 
movement from a progressive activated type 
(acquired at ejaculation) to a non-progressive, 
hyperactivated type that apparently helps 
them to progress along the complicated tubal 
lumen towards the oocyte vestments, negoti-
ate this layer and penetrate the ZP (Suarez, 
2008a). As hyperactivated spermatozoa usu-
ally display a wider lateral displacement 
of the head than occurs during normal moti-
lity, such a variable can be determined by 
most CASA software. However, its relation-
ship with fertility is low (Zhang et al., 1998; 
Januskauskas et al., 2001; Rodriguez-Martinez
et al., 2008).

When the AR was induced in vitro by 
exposure to homologous zona pellucidae 
(ZPs), or to specific proteins isolated from the 
ZP (Rodriguez-Martinez, 2006), it was clear 
that not all spermatozoa show the AR imme-
diately upon challenge with ZP proteins, 
indicating that they do not respond at one 
time to the stimulus, as seen for capacitation 
(see above). Timed retrieval of spermatozoa 
from pig oviducts (Tienthai et al., 2004) in 
relation to spontaneous ovulation indicated 
that most spermatozoa remain uncapacitated 
before ovulation, perhaps as a result of their 
sequential exposure to the bicarbonate-rich
upper oviductal fluid (Rodriguez-Martinez,
2007a). Overall, the data suggest that slow 
responders to species-specific effectors of 
capacitation or the AR would probably be the 

ones potentially fertilizing in vivo, confirming 
the findings of an existing relation between 
the percentages of non-capacitated sperm-
atozoa (stable; see above) and fertility. Easier 
in vitro AR-inducing procedures have been 
attempted, including exposure to progester-
one (Aitken, 2006), selected glycosaminogly-
cans (GAGs), or the divalent cation ionophore 
A23187, which bypasses the physiological 
receptor activation/signal transduction yet 
promotes a massive Ca2+ influx similar to that 
recorded during capacitation and sperm–ZP 
binding (see Rodriguez-Martinez, 2006). In 
either case, rates of AR-responsiveness were 
significantly and positively related to fertility 
(as 56 day NRR post AI in cattle, or as farrow-
ing rates in pigs). This is illustrated in Fig. 19.2
for frozen–thawed spermatozoa from indi-
vidual AI dairy bull sires (diamonds) with 
various AI fertility in the field (Januskauskas 
et al., 2000a,b).

Spermatozoa from human males, boars 
and bulls evidently contain the hyaluronan 
(HA) receptor CD44 in their plasma mem-
branes (Huszar et al., 2003; Tienthai et al.,
2003; Bergqvist et al., 2006) and should 
thus bind to solid state HA depots (PICSI 
Sperm Selection device, USA) (Huszar et al.,
2007). The HA binding seems to trap only 
mature spermatozoa that are able to react 
with the HA and exhibit some degree of 
hyperactivated-like motility pattern. This 
technique was primarily designed to select 
the best spermatozoa for ICSI in humans, 
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Fig. 19.2. Prediction of fertility as 56 day non-return rates (NRRs), trend line, via in vitro Ca-ionophore 
induction of the acrosome reaction (AR) in frozen–thawed spermatozoa for artificial insemination (AI) 
from individual dairy bull sires (triangles) with various AI fertility in the field (r = 0.60–0.84). Modified from 
Januskauskas A et al. (2000a) Theriogenology 53 859–875.
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but was later used for stallion spermatozoa 
(Colleoni et al., 2011). The spermatozoa asses-
sed were not only mature, but even had 
intact chromatin (Razavi et al., 2009; Yagci 
et al., 2010) – although they were not selected 
for normal morphology (Petersen et al., 2010). 
However, the number of spermatozoa that 
have been explored with this method is 
small, and relationships between sample test 
results and fertility are yet to be established. 
An alternative to solid-state HA depots is 
HA-containing media, in which the results of 
sperm selection are quite similar, but where 
the fluid allows for higher sperm numbers 
(Parmegiani et al., 2010).

Spermatozoa have also been explored for 
their ability to bind to the epithelium of the 
oviduct in vitro, an ability present in vivo,
when potentially fertile spermatozoa reside 
in the oviductal sperm reservoir (Rodriguez-
Martinez et al., 2005). The binding of sperm-
atozoa to homologous oviductal epithelial 
cells in vitro has been found to prolong their 
life (Lefebvre and Suarez, 1996), thus indicat-
ing that sperm co-culture with oviductal 
explants might mimic the capacity of a semen 
sample to colonize the tubal reservoir and 
would, therefore, indicate its potential ferti-
lizing capacity, because uncapacitated sperm-
atozoa are preferentially bound (Fazeli 
et al., 1999). It should be noted here that the 
outcomes of such tests only provide reliable 
correlations when high-quality sperm samples 

are tested (De Pauw et al., 2002), and have 
shown only marginal relationships with fer-
tility (Waberski et al., 2005, 2006).

The effective binding of the spermato-
zoon to the ZP is a critical step in the process 
of fertilization. The binding is species spe-
cific, only elicited by capacitated spermato-
zoa and precedes the AR. As ZP binding can 
easily be performed in vitro, several sperm–
ZP binding tests have been designed since the 
1980s, either using whole ZPs (oocytes), or 
hemi-ZPs (cleaved oocytes) (Rodriguez-
Martinez, 2006). Even though the findings 
from ZP-binding tests have yielded signifi-
cant correlations with AI fertility in pigs 
(Lynham and Harrison, 1998; Ardon et al.,
2005) and bulls (Zhang et al., 1998), the bio-
logical significance of this assay is questioned, 
mainly because physiological sperm capaci-
tation, and hence the AR, do not involve all 
spermatozoa at a given time. A representation 
of the relationship of a ZP binding (in whole 
oocytes) to fertility, depicting the presence of 
false positive and false negative cases, is 
shown below (Fig. 19.3).

An alternative method tested in many 
laboratories is the ability of presumably capa-
citated spermatozoa to penetrate into homo-
logous oocytes in vitro, the so-called oocyte 
penetration test, under conditions of in vitro
oocyte maturation (IVM) (Martínez et al.,
1993; Henault and Killian, 1995; Brahmkshtri 
et al., 1999; Oh et al., 2010). This test allows for 
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screening of degrees of polyspermia, numbers 
of accessory spermatozoa in the ZP, decon-
densation ability (male pronucleus formation) 
and the testing of several males simultane-
ously (provided that each semen sample is 
loaded with a different fluorophore), and it 
also relates to fertility (Henault and Killian, 
1995; Gadea, 2005). The method is simple 
and requires little equipment, though (i) the 
oocytes maturity level rules, and (ii) not all 
spermatozoa at a given time are capacitated 
and prompted to engage in penetration of 
the ZP. These basic timing hurdles might 
explain some of the variation in penetration 
rates found, rather than mirroring possible 
fertility differences among sires.

Different end points in fertilization and 
subsequent early embryo development can be 
determined using IVF, so spermatozoa of vari-
ous species have been investigated for rela-
tionships between in vitro outcome/s and field 
fertility when the same semen (or males) was 
used for AI. In most cases, the approaches 
were retrospective, i.e. the fertility levels of the 
semen or males used were already known; 
only a few tests were really done prospectively, 
i.e. the semen was coded, used in vitro and the 
outcomes used to calculate an ‘in vitro fertility’ 
that was subsequently compared with the ‘real 
fertility’ in the field. It soon became apparent 
that significant relations appeared even when 
the semen used had wide variations in fertility, 
and results could be accepted as reliable when 
the conditions for IVF were of a certain strin-
gency and stability, i.e. low sperm numbers 
used, there were the same levels of success in a 
control line over time, there were no major dif-
ferences between cleavage and morula/blasto-
cyst yields, etc. Unfortunately, in most studies 
(see Rodriguez-Martinez, 2007b), there were 
only low-to-medium relations with fertility 
(Table 19.1), and these were lowest for morula/
blastocyst rates.

Have We Found Biological 
Relationships with Fertility that Have 

Diagnostic and Prognostic Value?

As it can be seen in Table 19.1, the outcomes 
of most in vitro analyses of individual sperm 
attributes and/or functional assays (i.e. from 

motility to embryo development assays) 
show variable relationships with fertility, and 
these are not always statistically significant. 
This should not come as a surprise, because 
the ejaculate is not a suspension of a homo-
genous population of spermatozoa. Spermato-
zoa within an ejaculate differ morphologically, 
they move differently and their genome and 
transcriptome differ between cells. All cells, 
even those that were ‘siblings’ during sperm-
atogenesis, are in principle different. For that 
reason, they neither display the same ability 
to interact with other cells nor have the same 
fertilizing capacity. The ejaculate is, therefore, 
considered to be a heterogeneous accumu-
lation of various sperm cohorts – products of 
different spermatogenic waves that had 
matured along the ducti epididymides and 
were stored in their caudae as different cell 
sub-populations until mixed in the ejaculate. 
Moreover, the use of functional in vitro
methods (ZP binding, IVF, etc.) bypasses 
some of the functional deficits of spermato-
zoa and aggravates the degree of uncertainty 
for relations with fertility in vivo (Barratt 
et al., 2011).

Differences are apparent between the 
assays and/or attributes tested. For instance, 
membrane integrity evaluated via FC or fluor-
ometry appeared to be more closely related 
to semen fertility than was sperm motility. 
This does not imply that some of the testing 
can be eliminated. For example, sperm 
motility is particularly difficult to eliminate 
as it embraces a number of attributes, includ-
ing intactness of the plasmalemmae; it is 
also a simple and inexpensive procedure. 
Furthermore, it is important to remember that 
the significance of any differences encoun-
tered is a direct function of the number of 
spermatozoa examined (sample power), such 
as might be exemplified by the difference 
between assessing 100 spermatozoa or thou-
sands per sample.

Prognostic strength can be also gained by 
carrying out different assays, even when this 
implies that some attributes are measured 
more than once. There is little inherent risk in 
such an approach, as the spermatozoa tested 
with one assay are different from all others; 
thus, a battery of tests is always advantageous 
(Rodriguez-Martinez, 2003). In line with this 
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approach, several groups have combined the 
results of in vitro tests of the same semen sam-
ples in multiple regression analyses (see 
Rodriguez-Martinez and Barth, 2007), which 
have yielded higher correlations with fertility, 
even when they are retrospective (see Table 
19.1). Calculation of ‘predicted’ fertility, in 
which the outcomes of various methods of 
semen evaluation in vitro were combined in 
multivariate analysis before the fertility of the 
‘donor’ males was tested in the laboratory or 
the field, has proven valuable (Zhang et al.,
1999; Gil et al., 2005; Ruiz-Sanchez et al., 2006). 
Figure 19.4 depicts how in vitro data could be 
predictive of in vivo fertility when the results 
of various in vitro methods of evaluation of 
frozen–thawed semen from unproven young 
dairy AI bull sires (11–13 months of age) 
were combined to calculate their expected 
(potential) field fertility.

A strong relationship (r = 0.90) was found 
between predicted and real fertility. This 
approach enabled identification of sub-fertile
bulls, whose expected and real fertility was 
below the limit considered for sub-fertility 
(a 62% non-return rate); in contrast, other 
young bulls that had been predicted to have 
satisfactory fertility had non-return rates of 
≥65%. Identification of sub-fertile sires have 
been obtained with other bull- (Januskauskas 
et al., 2000b; Hallap et al., 2004) and boar-
stud populations (Ruiz-Sanchez et al., 2006). 
Interestingly, most sperm parameters (and to 

some extent even fertility) appeared to be 
maintained over the functional lives of the 
sires, provided no pathologies are acquired 
between measurements (Zhang et al., 1997, 
1998; Hallap et al., 2005a, 2006a). However, 
intrinsic variation between ejaculates within 
sire was always present, which requires 
analyses of many ejaculates.

The spermatozoa we examine are not 
only different from each other, they are differ-
ently processed. They are either collected in 
different parts of the ejaculate (from those 
species with fractionated ejaculate) or they 
are extended, chilled, frozen, or even sub-
jected to sperm sorting, or further prepared 
for IVF. All of these different scenarios result in 
spermatozoa with added differences in the 
intactness of the attributes that they need to 
interact with the environment (the female), 
including fertilization. This superimposed 
variation confounds further our capacity to 
discern the intrinsic value of in vitro outcomes 
for the estimation of potential fertility from 
iatrogenic implications. In other words, we 
need to apply a holistic view when examining 
a subsample of semen.

Sperm Selection: The Panacea?

Ejaculated spermatozoa are selected during 
their transport through the female genital tract. 
The proportion of abnormal spermatozoa and 
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of those missing some relevant sperm attrib-
ute are reduced in concert with reduced 
sperm numbers by the time spermatozoa 
approach the tubal segment in which ferti-
lization takes place (Rodriguez-Martinez,
2007a). Which spermatozoa are selected? 
How are they selected? In general, selection 
in vivo should account for all attributes, 
known and suspected, which we consider 
spermatozoa to require for a ‘safe’ set of inter-
actions with the female genitalia. Among 
these would obviously be a normal genome 
and morphology, indicating proper sperm-
atogenesis, as well as a plasma membrane 
capable of interacting with the environment, 
indicating normal sperm maturation. Last, 
but not least, spermatozoa should display 
motility within a certain frame, be reactive 
and arrive in sufficient numbers at the ovi-
duct in due time. We assume that a certain 
sub-population of spermatozoa with all these 
intact attributes survives the journey, thus 
decreasing heterogeneity for some attributes, 
yet leaving others, such as differential reactiv-
ity during capacitation and the presence of a 
haploid, unique genome and a transcriptomic 
load. Here, a degree of chance is most likely 
also involved such that a spermatozoon (or a 
few of them) is present at the right place and 
the right time to interact with the oocyte and 
its vestments.

Can we mimic sperm selection in the ovi-
duct? Probably so, but only to some extent, 
because we still do not know if or how the 
female modulates all of the steps involved 
behind the restrictions in vivo. We do know, 
however, that ejaculated spermatozoa can be 
separated in vitro into sub-populations by 
differences in motility kinetics (Abaigar et al.,
1999; Cremades et al., 2005; Peña et al.,
2005b, 2006; Holt et al., 2007; Martinez-Pastor
et al., 2011), membrane integrity (Perez-Llano
et al., 2003), head morphometry (Núñez-
Martinez et al., 2005; Peña et al. 2005b, 2006), 
sustainment of handling and cryopreserva-
tion (Gil et al., 2005; Peña et al., 2006; Roca 
et al., 2006), and the ability to respond to spe-
cific stimuli such as bicarbonate exposure 
(Holt and Harrison, 2002; Gadella and van 
Gestel, 2004; Holt and Van Look, 2004; Satake 
et al., 2006), or to specific proteins isolated 
from the oviduct (Coy et al., 2009). Several of 

these studies were based on individual sperm 
attributes, and some considered the fluids 
surrounding the spermatozoa, their composi-
tion and even their rheological features, with 
viscosity being among these. The ultimate 
goal would be to find a method that, by mim-
icking what occurs within the female genital 
tract, could preselect spermatozoa with pri-
mary competence for fertilization (Rodriguez-
Martinez, 2006).

Methods for the in vitro separation of 
spermatozoa for robustness have been des-
cribed (Rodriguez-Martinez et al., 1997), with 
a major focus on the fact that the spermatozoa 
in a normal semen sample usually show a 
typical progressive, innate linear motility. 
This linearity is used to surpass natural barri-
ers such as the cervix, where they migrate 
along sialic acid-rich mucus-filled deep fur-
rows. Assays exploiting the fact that sperm-
atozoa have an innate tendency to migrate 
into most media (often culture media, but also 
more complex preparations of varying vis-
cosity) that are brought into contact with a semen 
sample (swim-over, swim-down, swim-up) have 
been used to mimic in vivo events. This simple 
procedure has proven useful in selecting for 
sperm motility and membrane integrity, essen-
tial parameters for fertilization (Rodriguez-
Martinez et al., 1997), and also proven valuable 
for fertility prognosis, because the number of 
viable spermatozoa post swim-up reflects 
the innate fertilizing capacity of the semen 
sample tested (Zhang et al., 1998; Hallap et al.,
2005a,b, 2006b).

Manipulations of the viscosity, often asso-
ciated with additives, of the swim-up media 
used have improved the results obtained, 
basically because they mimic the in vivo sit-
uation (Rodriguez-Martinez, 2007b; Hunter 
et al., 2011). The use of oestrous cervical 
mucus, even heterologous mucus (e.g. bovine 
on ram spermatozoa), has contrasted sperm 
linearity and, more importantly, its relation 
to sperm colonization of tubal sperm reser-
voirs in vivo and to fertilizing capacity in vitro
(Cox et al., 2002, 2006; Robayo et al., 2008). 
Hyaluronan, a component of the oviductal 
fluid and the cumulus cell cloud (Rodriguez-
Martinez et al., 2001), has proven to be an 
excellent additive as it increases viscosity 
to the right proportion in vivo and also 
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selects for fertilizing capacity (Shamsuddin 
and Rodriguez-Martinez, 1994). As follow-
ups, artificial (hyaluronate-based, not sialic 
acid-based) cervical mucus has also been 
tested, albeit with less discriminatory results 
(Al Naib et al., 2011).

Novel methods have recently been devel-
oped using alternative multiple microfluidic 
flow streams for sperm self-migration that 
allow the sorting of motile spermatozoa 
(Schuster et al., 2003; Chung et al., 2006; Wang 
et al., 2011). Although not suitable for the 
isolation of large sperm numbers, these latter 
methods appear to be promising when adapted 
for IVF, where low, quasi-physiological 
sperm numbers are co-incubated with oocytes 
(Suh et al., 2003, 2006). In sum, such self-
migration procedures appear to be relevant 
because they appear to select spermatozoa 
in a similar fashion to that which occurs 
in vivo. They are, however, unsuitable for 
procedures other than IVF. Moreover, they 
apparently seem to initiate capacitation-like
phenomena (Shamsuddin and Rodriguez-
Martinez, 1994).

Other methods have, therefore, been 
suggested as substitutes for use in farm ani-
mals, where a higher output of an intact pop-
ulation is selected (Rodriguez-Martinez et al.,
1997; Somfai et al., 2002; Samardzija et al.,
2006). Examples of these methods are centrif-
ugation through columns of adherent parti-
cles (Sephadex or glass wool) (Januskauskas 
et al., 2005) or through discontinuous density 
gradients of silane-coated silica spheres 
(Rodriguez-Martinez et al., 1997). In most 
species tested so far, centrifugation through 
a single column of species-specific formu-
lations of colloid (based on silane-coated 
spheres, the so-called SLC method) has 
proven successful in harvesting the most 
robust spermatozoa from any (raw or serially 
processed) semen suspension, (Morrell and 
Rodriguez-Martinez, 2009, 2010). The selec-
tive power, which is clearly related to species 
differences in osmolarity and density of the 
colloid (Morrell et al., 2011a), is equally pre-
sent in different volumes of semen and sperm 
preparations, so that semen from species with 
large ejaculates can be preselected for their 
best sperm numbers, including a selection 
for morphology, motility, membrane integrity, 

chromatin integrity (Macías García et al.,
2009a,b; Morrell et al., 2009a,b, 2010) and fer-
tilizing capacity, both in vitro (Thys et al.,
2009; Colleoni et al., 2011) and in vivo (Morrell 
et al., 2011b).

Sperm-‘omics’

The exponential advances in analytical 
molecular biochemistry, also named the 
‘omics revolution’, has even involved sperm-
atology. The ‘omics revolution refers to the 
study of genes (genomics), and the function 
of their products (functional genomics) either 
as RNA transcripts (transcriptomics), pro-
teins (proteomics) or the various metabolites 
(Aitken, 2010), thus opening possibilities 
for securing inventories of lipids, proteins, 
metabolites and RNA species and, hopefully, 
determining how their presence or changes in 
them relate to cell function. Such endeavours 
are made possible by the application of DNA 
sequencing, DNA microarrays, mass spec-
trometry and protein arrays, which, when 
proper interfaces and bioinformatic tools are 
available, may provide cues for sperm func-
tion. Semen is an excellent biological sample 
to be studied, because it is easily available 
and contains a majority of a pure cell type, the 
spermatozoon, on which all these studies can 
be performed (Carrell, 2008). Even SP pro-
vides a good sample, as proteomics is par-
ticularly applicable to it for diagnostics.

Sperm genomics

During fertilization, spermatozoa provide a 
haploid genome with intact coding regions 
and regulatory regions for essential genes, 
copies that must be intact (i.e. should not con-
tain single- or double-stranded DNA breaks). 
For sperm diagnosis, examination of the 
DNA is of the utmost importance and accord-
ingly has been discussed above. Here, it is 
noteworthy that not only DNA quality but 
also the packaging of the paternal genome 
(epigenome) is essential for normal fertility 
and embryonic development (Miller et al.,
2010; Jenkins and Carrell, 2011).
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Sperm epigenomics

In addition to its direct genetic material, the 
spermatozoon also contributes epigenetic 
components (i.e. changes other than in DNA 
coding that can alter or regulate gene expres-
sion) that can affect early embryo develop-
ment (Wu and Chu, 2008; Hales et al., 2011). 
These include a functional centrosome for the 
mitosis of the newly built zygote to occur, 
proper packaging of the chromatin with pro-
tamines, modification of histones and the 
imprinting of genes. In addition, the fertiliz-
ing spermatozoon provides messenger RNAs 
(mRNAs) and microRNAs (miRNAs) (see 
below), which all contribute to the embryonic 
transcriptome and further regulate embry-
onic gene expression. The provision of a 
proper paternal epigenetic contribution to 
embryo development requires several forms 
of sperm epigenetic information to regulate 
the driving of genes towards either continued 
silencing or activation upon delivery to the 
oocyte (Jenkins and Carrell 2011). Processes 
such as DNA methylation, selective histone 
retention, sperm-specific histones with tail 
modifications, other chromatin-associated
proteins, perinuclear theca proteins, and 
organization of the DNA loop domain by the 
sperm nuclear matrix and of sperm-born
RNAs, are all included (Pacheco et al., 2011; 
Yamauchi et al., 2011).

Sperm transcriptomics

Transcription is issued by complementary 
DNAs (cDNAs) and their core promot-
ers, exons and polyadenylation sites. Most 
protein-coding genes and a proportion of 
non-coding RNAs produce alternative tran-
scripts with different exon combinations. In 
other words, genome-wide transcription gen-
erates a complex population of transcripts. 
Therefore, transcripts (not genes) are now 
considered the operational unit of the 
genome. Over the years, the protein-coding 
transcripts have received most attention, 
but more non-coding RNAs than coding 
transcripts have been identified. These non-
coding transcripts are either housekeeping 

non-coding RNAs (such as ribosomal or rRNA, 
transfer or tRNA, small nuclear or snRNA 
and small nucleolar or snoRNA) or regulatory 
non-coding RNAs (either long non-coding or 
lncRNAs, short or miRNAs, small interfering 
or siRNAs and Piwi-associated or piRNAs) 
(Ponting et al., 2009).

Microarray and serial analyses of gene 
expression assays of spermatozoa from sev-
eral species have concluded that sperm 
mRNAs are either simple remnants of the pro-
cess of spermatogenesis or are those provid-
ing the zygote with a unique set of paternal 
mRNAs (Krawetz et al., 2011). They also seem 
to provide variable array signals, which cor-
respond to the inherent variability among 
spermatozoa within an ejaculate, and between 
ejaculates and individuals. Despite this, the 
use of suppressive-subtraction-hybridization 
(Lalancette et al., 2008), or of global RNA pro-
files of spermatozoa from fertile and infertile 
men (García-Herrero et al., 2010), or bulls 
(using a cDNA collection on DNA microar-
rays), with different NRRs could lead to the 
identification of transcripts (protein kinase 
and ADAM5P) associated with high motility 
(Bissonnette et al., 2009). More recently, when 
examined with Affymetrix bovine gene chips, 
high- and low-fertility bulls showed signifi-
cant differences in specific transcripts associ-
ated with fertility (Feugang et al., 2010). It is 
foreseen that microarrays will be a part of 
future andrological diagnostics.

Sperm proteomics

The study of protein products expressed by 
the genome has dramatically expanded over 
the past decade, owing not only to multidis-
ciplinary methodological and instrumental 
developments, but also to the central role 
of protein interactions in cell function (Cox 
and Mann, 2007; Brewis and Gadella, 2010; 
Baker, 2011; du Plessis et al., 2011). Because 
spermatozoa are so highly differentiated, 
they are advantageous cells for studying 
the proteomics of specific compartments, 
such as the membrane, which is the area 
of major importance for their role in interact-
ing with the surroundings and the oocyte 
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(Arnold and Frohlich, 2011). However, despite 
this methodological development, proteomic 
studies of spermatozoa are still limited 
(Oliva et al., 2009), mostly owing to difficul-
ties in separating spermatozoa from the other 
cells usually contained in semen, something 
that has been partly solved by use of sperm 
separation techniques (see above) of FC 
sorting.

When these pre-separation issues were 
addressed, it led to the establishment of com-
prehensive sperm protein databases (Naaby-
Hansen et al., 1997; Duncan and Thompson, 
2007; de Mateo et al., 2011), with the numbers 
of proteins and fragments included expon-
entially increasing over time towards several 
thousands. The proteins identified so far 
cover the expected spectrum of function 
(from energy production to cell recognition), 
although few are accurately linked to (in)fer-
tility, most of them being enzymes (Novak 
et al., 2010a,b). This has called for other meth-
ods of sperm membrane isolation so that 
membrane domains relevant to capacitation 
or binding (either to the ZP or the oolemma) 
are more closely examined (Brewis and 
Gadella, 2010).

Attempts to determine how these inter-
actions between structure and function, and 
further, between these and their relative 
impact on fertility function, require direct 
studies of protein function. It may even be 
necessary to bypass genomic studies and 
focus on proteomics, considering the differ-
ence between the number of protein- 
encoding genes (20,000–25,000), and the 
number of proteins present in mammals 
(which is 10–20 times higher). The presence 
of alternative splicing or posttranslational 
modifications in proteins (such as glycosy-
lation, phosphorylation, proteolytic pro-
cessing, lipid modification, etc.) helps to 
explain these basic numerical differences. 
Interestingly, fluids such as semen in the 
context of protein identification and relation 
to function appear to be really complex, 
ranging from few relevant proteins in sper-
matozoa towards tens or hundreds in SP 
(Calvete and Sanz, 2007; Duncan and 
Thompson, 2007). Moreover, the fact that 
ejaculation is fractionated in many species 
adds a new dimension to the action of SP 

proteins (and their interactions) on sperm 
function and on the reactivity shown by 
females.

Seminal Plasma (SP): 
The Key for Fertility?

A semen sample reflects the status of the tes-
tes, the excurrent ducts and the accessory 
sexual glands, and therefore we include the 
study of all components during the andro-
logical examination. Semen is classically 
defined as a cell suspension of spermatozoa 
and other cells (lining cells of the excurrent 
ducts, epididymis or accessory glands, 
migrating leucocytes, and even spermato-
genic cells), and of cell vesicles (epididymi-
dosomes and prostasomes), that are 
suspended in an SP vehicle. The SP comprises 
the combined contributions of the fluids of 
the cauda epididymides and the accessory 
sexual glands. Species of mammals differ in 
the presence and size of the different acces-
sory sexual glands, and this obviously leads 
to variations in their relative contribution to 
semen composition and volume, particularly 
for the SP. In some species, the SP represents 
up to 95–98% of the total semen volume 
(Mann and Lutwak-Mann, 1981).

Although samples and collection meth-
ods vary between species, the major differ-
ence is whether the sample is bulk or 
fractionated, as in many species (e.g. the 
stallion, canine, pig) the ejaculate is voided 
in spurts (also called jets), which have differ-
ing compositions, owing to the sequential 
emission and/or emptying of the secretions 
of the sexual accessory glands (Mann and 
Lutwak-Mann, 1981), a fact that increases 
semen heterogeneity. The composition and 
character of SP differs not only among spe-
cies and among and within individuals, 
but even, for many species, within an ejacu-
late. Even though we have seen how rele-
vant such variation is when judging ‘sperm 
quality’, we do not usually examine the SP, 
despite the availability of assays for spe-
cific markers (neutral a-glucuronidase for 
epididymal fluid, phosphatases or zinc lev-
els for prostate fluid, or fructose for seminal 
vesicles (Mann and Lutwak-Mann, 1981). 
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Instead, most andrologists follow the classical 
view that the SP is no more than a vehicle for 
spermatozoa. In fact, SP is even regarded as 
deleterious for some purposes, such as sperm 
storage, and so it is largely removed and 
replaced by extenders for further handling or 
freezing (Rodriguez-Martinez and Barth, 2007).

However, simple components of the SP 
do seem to play important roles: bicarbonate 
modulates sperm motility and/or destabi-
lizes the plasma membrane; zinc modulates 
chromatin stability. While these and other 
biologically active components and several 
hormones (e.g. oestrogens, prostaglandins) 
can be re-added to extenders, other SP com-
ponents are more difficult to isolate and 
thus be added. SP proteins, which often 
make up to 40–60 g/l of ejaculate (in the boar, 
30–60 g/l), differentially adsorb to different 
domains of the plasma membrane and, by 
affecting its capacity to interact with the envi-
ronment (epithelial lining, female secretions, 
ZP), modulate sperm function. Moreover, 
components of the SP directly affect the epi-
thelial lining, eliciting diverse signalling to 
the female, and its immune system in particu-
lar (reviewed by Rodriguez-Martinez et al.,
2008, 2009, 2010; Palacio and Martinez, 2011).

Proteomics of the Seminal Plasma 
(SP) in Relation to Sperm Function 

and Fertility

The main proteins of the SP belong to one 
of three groups – those carrying fibronectin 
type II (Fn-2) modules, spermadhesins or 
cysteine-rich secretory proteins (CRISPs) – 
and their bulk is, in most species, of vesicular 
gland origin (Kelly et al., 2006). Table 19.2 pro-
vides an overview of the proteins present 
in the SP of domestic and other species with 
outlines of their presumed functions.

As can be seen from Table 19.2, most 
semen proteins in ungulates (the boar, stal-
lion, bull, buck) are Fn-2 (originally described 
in the bull SP as BSPs – bovine heparin-
binding proteins; Manjunath, 1984). They are 
now regrouped as ‘binder sperm proteins’ 
and, basically, appear in each species studied, 
binding to plasmalemmal phospholipids, 

lipoproteins, female carbohydrates and 
GAGs, etc., in relation to sperm capacitation 
(Manjunath et al., 2009). While CRISP pro-
teins are abundant in the stallion, sperm-
adhesins dominate in pigs, where they fall 
within three main groups: the two heparin-
binding proteins (HBPs) – alanine-glutamine-
asparagine proteins (AQN-1 and -3) and 
alanine-tryptophan-asparagine proteins (AWNs), 
and the non-heparin binding porcine seminal 
plasma proteins (PSP-I and PSP-II) (Töpfer-
Petersen et al., 1998; Kelly et al., 2006; Calvete 
and Sanz, 2007). Spermadhesins are multi-
functional 12–16 kDa glycoproteins that 
attach to the sperm plasma membrane to 
various degrees at locations from the testis to 
the ejaculate. Collectively, they show multiple 
effects on spermatozoa, probably via a differ-
ential coating on the sperm membrane. AWN 
or AQN monomers bind directly to membrane 
phospholipids, followed by a secondary coat-
ing by aggregated HBPs, which stabilizes the 
plasma membrane over the acrosome before 
capacitation, mediates building of the sperm 
reservoir (Calvete et al., 1997) and promotes 
sperm–ZP interaction (Rodriguez-Martinez
et al., 1998); these proteins are thus important 
to sustain sperm handling (Caballero et al.,
2008). PSP-I and PSP-II account for >50% of 
all SP proteins and not only bind to the sperm 
surface (Caballero et al., 2006), but also dis-
play protective action on highly extended 
and processed spermatozoa (García et al.,
2006, 2008; Caballero et al., 2008), including 
protection against cold shock (Mogielnicka-
Brzozowska et al., 2011). Moreover, the PSPs 
exhibit clear immunostimulatory activities 
in vitro and in vivo (see Rodriguez-Martinez
et al., 2009, 2010).

In the first fraction of the boar ejacu-
late, where spermatozoa are present, other 
proteins, presumably of epididymal origin, 
are present, such as lipocalins and an inhib-
itor of acrosin/trypsin (Rodriguez-Martinez
et al., 2009). In other species, such as the 
stallion, there is a similar disposition of the 
main SP proteins. Short Fn-2 type proteins 
dominate (70–80% of total protein), named 
HSP-1 and -2 (or SP-1 and -2). These are 
similar to the BSPs, and modulate capacita-
tion (reviewed by Töpfer-Petersen et al., 2005). 
HSP-3 is a CRISP protein associated with 
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Table 19.2. Overview of proteins present in the seminal plasma (SP) of domestic and other species, with their presumed functions. See text for further details.

Species

Protein family Other proteins/peptides

Sperm binder 
proteins (Fn-2, 
fibronectin type II; 
BSPs, bovine 
heparin-binding 
proteins)
(14–30 kDa)

Cysteine-rich 
secretory proteins 
(CAP-superfamily, 
CRISP)
(20–25 kDa)

Spermadhesins
(12–16 kDa) Functions ascribed

Enzymes (phosphatases, 
aminopeptidases, 
glycosidases, 
hyaluronidase, PG 
synthase, esterases, 
lipases, etc.), specific 
peptides and growth 
factors, cytokines/
chemokines Functions ascribed Reference

Bovine BSP-A1, A2, 
PDC-109

aSFP, ZB Regulation of 
capacitation and 
sperm-binding 
capacity to 
environment and 
ZP (zona 
pellucida)

Enzymes, clusterin, 
osteopontin,
cytokines/
chemokines

Sperm survival, 
fertility-associated 
factors, 
immunological 
modulation

Manjunath
et al., 2007

Calvete and 
Sanz, 2007

Mann and 
Lutwak-
Mann, 1981

Jenne et al.,
1991

Gwathmey 
et al., 2006

Vera et al.,
2003

Caprine GSP-14, 15, 20, 
22 kDa

Enzymes, cytokines/
chemokines

Sperm survival, 
immunological 
modulation

Villemure 
et al., 2003

Druart et al.,
2013

Equine HSP-1, 2, 8; 
EQ-12 (1–3)

CRISP1–3 HSP-7 Regulation of 
capacitation

ZP binding 
(HSP-7)

Enzymes, cytokines/
chemokines

Sperm survival, 
regulation of 
coagulation,
antimicrobial,
immunological 
modulation

Töpfer-
Petersen 
et al., 2005

Alghamdi
et al., 2009

Continued
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Table 19.2. Continued.

Species

Protein family Other proteins/peptides

Sperm binder 
proteins (Fn-2, 
fibronectin type II; 
BSPs, bovine 
heparin-binding 
proteins)
(14–30 kDa)

Cysteine-rich 
secretory proteins 
(CAP-superfamily, 
CRISP)
(20–25 kDa)

Spermadhesins
(12–16 kDa) Functions ascribed

Enzymes (phosphatases, 
aminopeptidases, 
glycosidases, 
hyaluronidase, PG 
synthase, esterases, 
lipases, etc.), specific 
peptides and growth 
factors, cytokines/
chemokines Functions ascribed Reference

Ovine RSVP-14, 15, 
20, 22, 24

RSP Resistance to cold 
shock

Ion channel 
regulation

Enzymes, cytokines/
chemokines

Sperm survival, 
immunological 
modulation

Barrios 
et al., 2005

Bergeron
et al., 2005

Palacio and 
Martinez, 
2011

Porcine pB1 CRISP1–3 AWN, AQN-1 
and 3

PSP-I, PSP-II

Regulation of 
capacitation,
sperm binding 
capacity to 
environment and 
ZP, modulation 
of leucocyte 
recruitment

Enzymes, lipocalins, 
inhibitor of acrosin/
trypsin, prostate 
specific antigen 
(PSA), cytokines/
chemokines

Sperm survival, 
fertility-associated 
factors, 
antimicrobial,
immunological 
modulation

Rodriguez-
Martinez, 
et al., 2009

Rodriguez-
Martinez 
et al., 2011

Other
(rodents, 
human)

CRISP1–4 Modulation of 
capacitation, ZP 
binding

Enzymes, PSA, 
semenogelins I–II, 
lactoferrin, protein C 
synthase, PSP-94, 
b-inhibin-b-
microseroprotein,
cytokines/
chemokines

Regulation of 
coagulation,
antimicrobial,
immunological 
modulation

Koppers et al.,
2011

Duncan and 
Thompson,
2007

Robertson, 
2005
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fertility (Hamann et al., 2007), perhaps via 
its role as a selective protector against 
polymorphonuclear leucocyte (PMN)–cell 
binding (Troedsson et al., 2010). HSP-7 is the 
only equine member of the spermadhesin 
family, and like its porcine homologue AWN-1, 
shows ZP-binding activity (Calvete et al.,
1994; Reinert et al., 1996). Also in stallions, 
the initial ejaculate fractions contain acrosin 
inhibitor and prostate specific antigen (PSA), 
or kallikrein-like proteins (as HSP-6 and 
HSP-8 representing isoforms; Kareskoski 
et al., 2011). Peptides and diverse enzymes are 
also components of the SP, albeit most of 
them are either fragment products of SP pro-
teins, sperm-associated peptide hormones or 
major enzyme groups (see Mann and Lutwak-
Mann, 1981; Duncan and Thompson, 2007). 
The epididymal lipocalin-type prostaglandin 
D2 synthase, present in boar and stallion SP, 
is an enzyme related to male fertility in sev-
eral species (Barrier-Battut et al., 2005, Novak 
et al., 2010a,b). Lastly, the SP of most species 
contains protein compounds similar to those 
present in blood plasma, such as pre-albumin, 
albumin, a-, b- and g-globulins, transferrin, 
complement factors and differential amounts 
of cytokines and chemokines.

In summary, SP proteins modulate 
several essential steps preceding fertilization – 
the regulation of capacitation, the establish-
ment of the oviductal sperm reservoir, the 
modulation of the uterine immune response 
and sperm transport through the female 
genital tract, as well as gamete interaction 
and fusion. Interestingly, individual pro-
teins from the same family appear to func-
tion in a species-specific manner. Differences 
in their structure, relative abundance and 
patterns of expression appear to determine 
the species-specific effects of homologous 
proteins (Calvete and Sanz, 2007).

Sperm transport and survival

Following mating, some spermatozoa are 
transported within minutes from the site of 
deposition in the female towards the oviduct, 
owing to the concerted motility of the female 
tract muscle (Suarez, 2008a). In animals with 
fractionated ejaculation, the spermatozoa are 

bathed in different fluids, such as the caudal 
epididymal fluid and the accessory gland 
secretion that is vented simultaneously with 
the corresponding spurt of ejaculation. As 
mentioned previously, the initial spurts of the 
sperm-rich fraction are acidic, and sperm pro-
teins have been demonstrated to link them-
selves to acidic polysaccharides such as those 
in the secretions of the cervix, uterus and 
even the oviduct (see Rodriguez-Martinez
et al., 2001). Such interactions have proven to 
be analogous to the binding of SP proteins; 
for instance, bull and stallion SP proteins 
have been shown to inhibit the interaction of 
the corresponding sperm proteins with acidic 
polysaccharides (Liberda et al., 1998). SP pro-
teins differentially affect sperm survival post 
ejaculation, and those present in the last eja-
culate fractions (which are of seminal vesicle 
origin) have a more pronounced negative 
effect, perhaps in relation to the extensive 
presence of several proteins. In the boar, 
the primary secretion in the sperm peak spurts 
acts differently in promoting longer sperm 
survival (Rodriguez-Martinez et al., 2008, 
2009). The SP of many species contain pros-
tasomes, known by their ability to fuse with 
spermatozoa and provide a mechanism for 
protein and lipid transfer (Burden et al., 2006), 
thereby enhancing sperm motility and the 
stability of the sperm membrane.

Protein interaction with the female 
genital tract and the oocyte

SP proteins coat the sperm membrane 
during ejaculation, producing structural 
changes to the sperm plasma membrane in 
relation to capacitation, ZP recognition and 
fertilization. For example, AWN follows 
spermatozoa up to the ZP (Rodriguez-
Martinez et al., 1998), inhibiting sperm capaci-
tation (Dapino et al., 2009; Vadnais and 
Roberts, 2010), an effect that is lost when the 
proteins are removed from the sperm surface 
(Calvete et al., 1997). At the same time, it 
has been postulated that such an initial layer 
of proteins might provide an anchor for 
aggregated spermadhesins to coat the sperm 
surface (Töpfer-Petersen et al., 2008), thus 
further stabilizing the plasmalemma and 



532 H. Rodriguez-Martinez

preventing premature acrosomal exocy-
tosis. The heparin-binding AQN-3, the most 
prominent ZP-binding protein in boar sper-
matozoa, remains, for example, attached to 
the sperm surface after capacitation (in vitro)
and can only be recovered from the aggre-
gating raft area of the apical ridge of the 
sperm head (van Gestel et al., 2005, 2007).

The deposition of semen, which is to be 
considered foreign by the female and is 
therefore prone to rejection, induces a rela-
tively rapid pro-inflammatory immunogenic 
response in the endometrium in order to 
(i) cleanse the intrauterine lumen from for-
eign cells, proteins and eventual pathogens, 
(ii) remodel the endometrium for the des-
cending embryo/s, and (iii) secrete cyto-
kines and growth factors that facilitate 
development of the embryo and placenta. 
Such inflammation does not occur in the 
oviduct, where spermatozoa find a haven 
prior to fertilization (Rodriguez-Martinez 
et al., 1990, 2001, 2005). Although the pres-
ence and infiltration of granulocytes are 
oestrogen dependent (Robertson et al.,
2009a), their migration to the surface epithe-
lium and lumen can be elicited by pro- 
inflammatory soluble cytokines (Sharkey 
et al., 2007) and SP glycoproteins (sperm-
adhesins) (Rodriguez-Martinez et al., 2010). 
This inflammatory response is transient, 
dissipating within hours in normal cases, 
and is followed by the activation by SP of a 
transient state of peripheral immune toler-
ance by the female towards paternal antigen-
bearing spermatozoa or early embryos in 
the oviduct (an immuno-privileged area) or 
in the uterus (developing embryos/fetuses 
and their placentae) (O’Leary et al., 2004; 
Moldenhauer et al., 2009; Robertson et al.,
2009a). The SP of rodents, humans and pigs 
contains immunoregulatory molecules, 
including high concentrations (100–150 ng/ml, 
5–8 times higher than in blood serum) of 
the potent immunosuppressive transform-
ing growth factor-b (TGF-b), a member of 
the multifunctional cytokine TGF family 
(Loras et al., 1999; Robertson et al., 2002); 
TGF-b appears to be strongly related to the 
induction of maternal tolerance (O’Leary 
et al., 2004; Robertson et al., 2006, 2009b; 
Robertson, 2007).

SP proteins and their relation to fertility

SP proteomes have been assessed in relation 
to reproductive outcomes (either fertility 
levels or (in)fertility (Drabovich et al., 2011; 
Milardi et al., 2012) in several species, 
and SP proteins associated with high and 
low fertility in bulls (Killian et al., 1993) 
have been isolated as osteopontin (OPN) 
and lipocalin-type prostaglandin D synthase 
(Gerena et al., 1998; Cancel et al., 1999). The 
latter is always present in the sperm-rich 
spurts of ejaculates in species that have 
fractionated ejaculation, including the pig. 
Figure 19.5 shows the differences between 
portions of the boar-ejaculated SP in terms of 
some of the SP proteins; note the presence 
of epididymal lipocalins and PSP-I in the 
sperm-peak portion (P1) and the predomi-
nance of the other spermadhesins in the rest 
of the ejaculate.

OPN has been related to fertility in pigs 
(IVF; Hao et al., 2006, 2008) and stallions 
(Brandon et al., 1999). Some SP proteins 
(SP-2, SP-3, SP-4 and clusterin) have been 
found in higher concentrations in stallions 
with low fertility scores (Novak et al., 2010a). 
SP-1 is positively (Brandon et al., 1999) or 
negatively (Novak et al., 2010a) correlated 
with fertility and was suggested to be 
homologous to a bovine fertility-associated 
protein, probably OPN, described by Killian 
et al. (1993). Moreover, the abundance of 
CRISP3 in equine SP was positively correl-
ated with 1st-cycle conception rates (Novak 
et al., 2010a), suggesting that this protein 
family might have a role in fertility, as has 
been proposed for rodents and humans 
(Koppers et al., 2011). The spermadhesin 
PSP-I (see Fig. 19.5), seems to be negatively 
associated with pig fertility (Novak et al.,
2010b). SP cytokine levels vary among 
males, and variation in SP contents of TGF-b
lacks a straightforward relationship with 
fertility (Loras et al., 1999; O’Leary et al.,
2011). However, a female could express dif-
ferent levels of endogenous cytokines (rele-
vant for embryo survival) depending on 
exposure to SP from different males, which 
might then relate to the often-observed dif-
ferences in embryo survival among sires 
(e.g. innate fertility) (Robertson, 2007, 2010).
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What is Semen Analysis Going to 
Look Like in 20 Years?

I presume that the reader, having had the 
patience to reach these final pages, has come 
to an understanding that we have dealt with 
two major concepts: i.e. the heterogeneity of 
the sperm suspension and the multitude of 
attributes required for each spermatozoon to 
be fertile. The first recognizes the presence of 
large numbers of spermatozoa that are all 
genomically different, while the second rec-
ognizes the simultaneous presence of attrib-
utes (membrane integrity and its capacity to 
interact with and react to stimuli, to cite one) 
that have to be present alongside the func-
tional life of a spermatozoon in order to par-
ticipate in fertilization, at least theoretically. 
The latter also concerns the presence of a rich 
fluid surrounding the spermatozoa (the SP), 
whose signalling role in relation to fertility 
we are just starting to unveil. Male fertility, 
then, appears to be a multifactorial process in 
which interactions between the male and its 
semen and the female and its genital tract and 

oocyte/s are of central importance. Such a 
complex net of signalling pathways builds up 
an ‘interactome’ which must be studied in 
detail, with a primary focus on where it can 
fail and compromise fertility, but also as a 
diagnostic platform if defined on a steady-
state base.

Therefore, any attempt to reach a diagno-
sis of potential (in)fertility or a prognosis for 
fertility levels requires a multi-parametric
assessment. It is here that we need to differ on 
what are the intentions of the andrologist. For 
example, is it a diagnosis process for a male 
that includes its ability to breed successfully? 
Or is it the need to select among breeding 
sires with the intention of ranking these on 
the basis of fertility levels? One could argue 
that these needs are one and the same, i.e. to
prognose fertility. We could also argue they are 
different. In the first case, the goal is to deter-
mine whether the male risks infertility or sub-
fertility, a clearly diagnostic situation for the 
andrologist; this is often the stance of a BSE, 
especially in species where selection for 
breeding is not primarily related to fertility 

Fig. 19.5. Two-dimensional electrophoresis (2D-SDS-PAGE) of representative seminal plasma (SP) portions 
of the boar ejaculate depicting selected proteins. P1 is the first 10 ml of the sperm-rich fraction, also called the 
sperm-peak fraction; P2 is the rest of the ejaculate. (1) = actin; (2–4) = lipocalins (2, prostaglandin-D synthase 
(L-PGD-S)); (3–4) = epididymal secretory protein-1 (EPS-1). The circles indicate PSP-I (plasma protein I), 
and the square AQN-3 (alanine-glutamine-asparagine protein-3), AWN (alanine-tryptophan-asparagine 
proteins) and PSP-II. Lipocalins (2–4) are indicative of cauda epididymal contents. The P1 fraction shows 
the presence of PSP-I, but not of the rest of the spermadhesins, which are predominant in the P2 fraction.
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(i.e. horses). The second situation concerns 
breeding sires, which are often subjected to 
selection criteria – criteria that can include 
selection for fertility, a much more difficult 
goal to attain.

Summarizing the above considerations, 
the dominating scenario is that we need to 
achieve deeper knowledge on how spermato-
zoa behave and interact with their surround-
ing fluids, with these being the seminal 
plasma, extenders and fluids along the female 
genital tract. It is this interacting capacity that 
characterizes spermatozoa, with the most 
important variable being the intactness and 
fluidity of the sperm plasma membrane, 
which responds to stimuli and channels these 
stimuli into modifications of metabolism, 
kinematics or destabilization. Kinetics of 
response vary, but only those most intact 
spermatozoa are capable of responding 
appropriately. From a practitioner perspec-
tive then, the key issue is to be able to deter-
mine (i) what proportion of spermatozoa are 
most intact, (ii) whether these respond, and 
(iii) whether such screening is repeatable 
between ejaculates within the male.

The determination of total sperm num-
bers will continue to be a hallmark, and this 
must be quickly and accurately determined, 
preferably in concert with the determination 
of the kinematics (sperm motility) of a large 
number of spermatozoa (i.e. a large sample). 
We will probably see a further development 
of motility analysers based on other methods 
than digitalizing pictures of a microscopic 
field, as is currently the case with CASA. 
Alternatives based on a holographic on-chip
imaging platform, although waiving the need 
for microscopes, are not suitable as relatively 
few spermatozoa are assessed (Su et al., 2010). 
Other alternatives are more suitable, such as 
the Qualisperm™ software, which allows 
analyses of ten times more spermatozoa per 
sample, based on a technology for recording 
the velocity and displacement of the cells. 
Fluorescent probes are continuously being 
developed in an effort to map the intactness 
of the entire plasma membrane, which cannot 
be explored using conventional probes such 
as SYBR-14. A current example is the Live/
Dead Fixable Red Dead Cell Stain Kit, an 
intracellular amide label (Plate 72a,b).

Even with flow cytometers becoming 
cheaper by the day, as well as becoming 
smaller and more user friendly, practitioners 
could benefit from the possibility of loading a 
supravital probe to determine live and dead 
spermatozoa, and observing it under a micro-
scope that can read sperm numbers and regis-
ter sperm speed and determine motility 
simultaneously, based on thousands of sper-
matozoa. Samples of these spermatozoa can 
even be subjected to a simplified TUNEL/PI 
assay (Plate 71d), which might provide a 
rather quick assessment of the degree of 
DNA damage (such as DNA fragmentation). 
Samples can also be stored for more detailed 
analyses, including transcriptome profiling 
(Lalancette et al., 2009).

This scenario is not far away and it is 
relatively easy to undergo quality assurance 
for the instrumentation (such as a combina-
tion microscope or a bench FC), the proce-
dures/reagents employed and the operators. 
The variables that still dominate here are 
sperm numbers, motility, and membrane and 
DNA intactness. A technique for monitoring 
DNA fragmentation in spermatozoa, the 
SCD Halo (Plate 71c) is now available for 
microscopy (Enciso et al., 2006). In the SCD 
Halo test, semen samples can be incubated 
over time to monitor the dynamics of DNA 
fragmentation based on repeated observa-
tions; this contrasts with the current domi-
nant tests using SCSA or TUNEL, which are 
performed in dedicated laboratories. Even 
more interesting is the presence of statistical 
associations between the outcome of these 
techniques and the use of a novel assay using 
birefringence (double refraction) on sperma-
tozoa (which have natural anisotropy, and so 
can separate light and provide refringent 
images on the microscope). Birefringence is 
associated with the acrosome reaction, motil-
ity and the absence of DNA damage (Gianaroli 
et al., 2008, 2010; Magli et al., 2012), so this 
technique would improve our diagnostic 
capabilities. Instrumentation/software for 
selective digital morphological examinations 
will no doubt become available, provided 
there is consensus on their basic value. An 
example is the increasing use of enhanced 
digital imaging, which allows one to view 
spermatozoa at high magnifications (6000×), 
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and thereby assess the normality of various 
organelles (Bartoov et al., 2003). With this sim-
ple battery of variables, the clinician should 
have enough information to attain a more 
detailed BSE diagnosis.

Borderline cases will always exist and 
require more ‘sophisticated’ methods. Cyto-
mics, in which FC is a major instrumentation/
technique, will evolve, most likely following 
the already initiated path of multicolour ana-
lyses that enable us to test multiple attributes 
on individual cells using multichannel-
ling (Hossain et al., 2011a; Petrunkina and 
Harrison, 2011). These new methods will 
probably not eliminate the use of simpler 
methods such as microscopy for motility 
assessment, not even when image stream 
analysis (using the ImageStreamX imaging 
flow cytometer from Amnis, Seattle, 
Washington), which combines FC and imag-
ing, is employed (Zuba-Surma et al., 2007; 
Buckman et al., 2009). An attempt has been 
made to demonstrate that field fertility in 
bull sires could be assessed simply by FC-
detection of sperm concentration and viabil-
ity (membrane integrity) in neat semen, or 
even FC determination of post-thaw viability 
(Christensen et al., 2011). While this work 
reaffirmed that the number of viable sperm-
atozoa above a certain threshold relates to the 
fertility of a given bull sire, the conclusion 
was only achievable after the application of 
statistical manipulation to not so clear-cut
data, which indicates the need for further 
research.

Other methods are already under devel-
opment under the banners of increased 
homogeneity, ‘microfluidics’ and reactivity 
markers for spermatozoa (Suh et al., 2003; 
Lopez-Garcia et al., 2008; Smith et al., 2011). 
The rationale behind these is to mimic the 
conditions of the female genital tract during 
sperm transport and selection before fertiliza-
tion, particularly as the currently available 
in vitro methods have proven to be insuf-
ficiently discriminative (Holt et al., 2007). 
Increased homogeneity of sperm is what we 
intend to achieve by applying sperm selec-
tion or separation via centrifugation through 
silane-based colloids – similar to what is per-
formed by the cervical sialic acid channels 
in vivo. The Inclusion of counter-fluids and 

sequential exposure to effectors such as bicar-
bonate, a relevant marker for capacitation, 
on to flowing spermatozoa would be easily 
recorded alongside events by silica-bound 
markers. This includes events such as the 
activation of adenylate cyclase and the acti-
vation of protein kinase A (PK), or changes 
in tail movement or in sperm protein tyrosine 
phosphorylation (Bailey, 2010; Baker, 2011). 
Alternative state-bound markers/effectors 
such as hyaluronan are also available, thus reg-
istering a more detailed battery of markers 
for sperm function in real time. Other mark-
ers, such as specific sperm receptors (CatSper, 
aquaporins, etc.), can be added along the 
fluidic line.

With developments over the past dec-
ade in either transcriptomics or proteomics, 
molecular analyses of the heterogeneous 
mixture of spermatozoa harbouring genetic 
diversity are warranted. As already indi-
cated by some studies (Bissonnette et al.,
2009), such cellular heterogeneity provides 
transcript abundance of specific genes 
among cells. Although transcript levels 
vary accordingly, transcript profiles can 
indeed be produced for individuals yield-
ing those ejaculates. This area is being 
developed at present, and we should expect 
major gains in transcriptomic-aided selec-
tion of breeding sires among bovine and 
porcine species over the next few years, 
based on new and more complete microar-
rays (containing the diversity of all tran-
scripts present) than those currently 
available. The rationale here is that the 
genetic (transcriptomic) content is a hall-
mark of the quality of spermatogenesis of a 
given male and, therefore, depicts the 
potential fertility of a semen sample. In the 
long run, this will be developed as a diag-
nostic aid for the clinician (Altmäe and 
Salumets, 2011). The same would apply if 
epigenetic regulatory genes can be found to 
be associated with sperm motility, as has 
been published recently. Samples with low 
motility spermatozoa can then be checked 
by gene expression looking for specific epi-
genetic genes (Pacheco et al., 2011). Micro-
array development will, no doubt, subsequently 
reach the clinician’s desk and allow for fertil-
ity prognosis.
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Alternatively, and most likely concur-
rently, we will probably see further devel-
opment of simpler and less demanding 
instruments and methods for protein analysis 
than those available at present. Considering 
that most macromolecular events related to 
cytokine signalling by the seminal plasma, or 
directly by the adsorbed proteins on the 
sperm surface, take place at the protein level, 
such development is not only desirable but 
expected. Also likely is increased detailed 
determination of the proteomics of SP, not 
only in terms of differences among sires but, 
more particularly, for the differential stimula-
tion of responses (signalling strength) by the 
female. An example is the differential stimu-
lation of maternal immune tolerance to sperm-
atozoa and the allogeneic conceptus as a 
measure of the differential capacity that 
translates into fertility differences between 
sires, particularly for those polytocous spe-
cies in which litter size survival, or prolifi-
cacy, is important.

Conclusions

Considering that, in vivo, the potentially ferti-
lizing spermatozoa are continuously sub-
jected to several stepwise processes of sperm 
selection before and during fertilization, it is 
logical to assume that the degree of informa-
tion provided by current laboratory methods 
used to assess sperm intactness and function 
would benefit from the inclusion of a sperm 
selection method. Use of swim-up or other 
cleansing methods such as differential cen-
trifugation through colloid columns would 
aid in identifying a proportion of spermato-
zoa with those attributes of importance for 
colonization of the sperm reservoir from the 
overwhelming background population, the 
majority of which will not participate in ferti-
lization, either as a natural ejaculate (from 
which only a small proportion of spermato-
zoa reaches the oviductal reservoir) or as an 
AI dose (in which most spermatozoa are 
damaged or affected by the handling and 
preservation procedures).

Decreasing the number of spermato-
zoa to be tested (in vitro as in vivo) increases 

our ability to separate competent sperm-
atozoa from the bulk population. Beyond 
scrutiny of intactness of the relevant attrib-
utes, particularly integrity of the entire 
plasmalemma (using fixable stained cells), 
this would require a challenge with an acti-
vating effector, such as bicarbonate or HA, 
and a subsequent assessment of the pro-
portion of activated spermatozoa and their 
longevity after activation. Both of these 
activators have been shown to influence 
fertilizing ability in direct relation to the 
probability of sperm–oocyte encounters 
and interactions.

We also need to increase our capacity to 
disclose the degree of DNA damage (per-
haps focusing on DNA fragmentation, using 
simplified protocols) of those sperm sub-
populations that survive handling and stor-
age, where intrinsic ROS formation might 
exceed physiological levels and damage 
sperm DNA. Here however, the number and 
diversity of available assessment methods 
complicates the issue, and simpler, direct 
methods need to be designed, particularly 
those with a true relationship with fertility 
outcomes. Lastly, selective proteomic exam-
inations of the SP are indicated in light of 
the readiness of certain sires to enhance 
maternal immunological tolerance, and 
these could aid in the selection of breeding 
males.

To conclude, it is important to remem-
ber that good clinical andrological practice 
should not be corrupted by the application 
of a never-ending plethora of new methods 
for assessing the details of spermatozoa – 
methods that lack biological significance – 
when the goal is diagnostic or prognostic in 
terms of the (in)fertility of breeding sires.
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correlation with equine fertility 68, 148, 269, 532
origins in male genital tract 63

cysts
epididymal 433–434
testicular 433

cytokines 532, 536
cytoplasmic droplets (sperm) 115, 154, 426

distal 270, 410
proximal 186, 308–309, 409

cytotoxin-GnRH conjugates 491–492

Dag defect, sperm 160, 337–338, 338
daily sperm output (DSO)

bulls, related to age 16, 16
DSP estimation 23
estimated from testis volume 256
oral methyltestosterone 488
successive ejaculations 25–27, 26, 27

daily sperm production (DSP)
correlation with testis size and age 15, 15–16, 

17, 315
estimation methods

homogenization and resistant spermatids
21–22, 22

from sperm output 23
volume density approach 23

seasonal variation, dromedaries 425–426
species variation 23–24, 24, 384

danazol 488
DAP® (Dog Appeasing Pheromone) 181
dark field microscopy 118, 119
decapitated sperm defect

characteristic features 157–158, 337, 337
degenerated sperm retained in ducts 266, 267

deer (cervids)
breeding soundness evaluation 232
electroejaculation procedures 236–237, 238
male sexual development 226, 227

abnormalities 228, 229–230
seasonality 231–232, 235, 245, 246–247

semen quality evaluation 240, 242, 243, 244
density gradient centrifugation 87, 186, 525
desiccation, cryopreservative effects 80
deslorelin 489–490, 500
DFI (DNA fragmentation index) 518
DFS (dysplasia of the fibrous sheath) defect 161
diadem/crater sperm defect 146, 158–159, 159

diet see nutrition
Diff-Quik™ stain 110, 185, 260, 438
differential interference contrast (DIC) microscopy

115–116, 241, 260, 374
dimethyl sulfoxide (DMSO) 79–80, 389–390, 481
dimethylacetamide (DMA) 216
diseases/disorders

causes of developmental disorders 144, 332–334
genetic

chromosomal (karyotype) abnormalities
145–146, 269

hereditary diseases 178–179, 269, 269
livestock monitoring and records 404–405
rationale for treatment of animals 511
regulations and quarantine, wild 

populations 452
testing for infections

canine brucellosis 179
ovine epididymitis 233–234, 242
pathogens of swine 412–413
venereal pathogens of horses 257, 286–288

transmission risks
artificial insemination 85–88, 87
international conservation programmes 89
lack of sanitary control in herds 358
reduced by contraception or castration

476–477
dithiothreitol (DTT) 518–519
DMA (dimethylacetamide) 216
DMSO (dimethyl sulfoxide) 79–80, 389–390, 481
DNA

causes of damage
oxidative stress 146, 272–273
X-ray security screening 89

condensed state in sperm head 35, 45, 58
abnormal condensation and integrity

159, 186
damage assay techniques 117, 146, 263, 

395, 396
fragmentation effect on heritable anomalies

517, 518
methylation, and sperm quality 46
PI-binding complex as fluorescent probe 106,

106, 517–518
dogs

breeding soundness evaluation
history and genetic testing 178–179
physical examination 179–180, 180
semen collection and libido 180–182, 181
semen evaluation 182–187, 183

inbreeding, adverse effects 150, 187
infertility assessment scheme 187, 187
puberty 177–178
reproduction control

hormonal contraception 488, 489–490, 491
sterilization methods 479, 480, 482, 

499–500
wild canids 455, 456

dolphins 458
domestic pet overpopulation 475
dromedary (Camelus dromedarius) 418

artificial insemination 439, 441
breeding season 423, 424, 425, 428



556 Index

dromedary (Camelus dromedarius) (continued)
hybrids with new world camelids 442
male anatomy 419–420, 420, 421, 422
puberty and sexual maturity 423
reproductive disorders 430, 431, 433
sperm production 424, 425–426

ductal obstruction, contraception technique
480–481, 500

ductus deferens
anatomy, camelids 421
birds 197
obstruction, extra-/intravasal methods 480–481
sperm accumulation syndrome 285
ultrasonography, horses 266–267
vasectomy 478–480

dulla (soft palate) protrusion, camels 428
dummy sows, use in swine AI 406
dysplasia of the fibrous sheath (DFS) defect 161

echidna (Tachyglossus aculeatus) 460–461
ectopic testicles 432–433
egg yolk (cryoprotective additive) 81–82, 388, 390
ejaculates

effects of frequency
sperm production 20–21, 21, 24, 27, 315
stimulus pressure 28, 28

fraction components 181, 370, 407, 531, 533
liquefaction, camelid semen 437, 439–440
number needed for BSE testing, horses 258
poultry, cloacal/paracloacal fluids 203
quality and quantity variation, buffalo 385,

385–386
total number of sperm calculation 25–27, 26, 184
volume measurement 100, 101, 407

ejaculatory dysfunction, stallions 288–289
Elastrator™ rings 477, 480, 498
Eld’s deer (Cervus eldi thamin) 247, 453
electroejaculation (EE)

drawbacks and animal welfare issues 236,
238–239

probe design 237, 238
procedure 237–238, 369–370, 435–436
under anaesthesia 189, 189, 236–237, 238, 407

electrolytes, seminal plasma
amino acids 204
inorganic ions 203–204, 204, 387–388, 438

elephant, sperm cryopreservation 456–457
elk 235, 242
elongated prepuce (EP) 364
embryo development

epigenetic influences 45, 46, 526
frozen storage and transport, adverse effects

88–89
low-level oxidative stress in sperm 272–273
male fertility factors in survival 145, 147, 150
sexual differentiation 144–145, 229

end (terminal) piece, sperm tail 38, 38
endangered wild animals see wild 

and endangered species
endocrine disrupting compounds (EDCs), 

impacts 44–45

endocrinology see hormones
endoscopy, urethral 268–269
environmental conditions

abnormal sperm production 41–43, 151
adverse factors in tropical regions 353–354
interaction with management practices 353
nutrition effects 18, 310–313, 356
susceptibility of wildlife to stress 452
temperature effects 17, 318–319, 413–414

enzymes
acrosome 35–36
buffalo semen 387, 387
glycolytic, in poultry sperm 201
liquefaction of camelid semen 437, 440
poultry seminal plasma 206–207
semen disinfection 88

eosin–nigrosin viability stain 111, 210, 241, 260
epididymal protease inhibitor (EPPIN) 483, 486
epididymis

anatomy and histology, camelids 421, 424–425
blind-ended ductules and aplasia 284, 334, 434
epididymal flushing 239
epididymal transit time 17, 18, 24, 426, 495
epididymitis 265, 266, 285, 433
normal growth and development, bulls

309–310
stenosis (sperm granulomas) 229, 265, 266

epigenetic changes
contributions of sperm to embryo 

development 526
sperm abnormalities 45–46

epithelial cells
binding interactions with sperm 61–62, 66–67
in vitro oviduct binding test 521

equatorial segment (sperm head) 35, 59–60
Equex (semen extender additive) 81, 440
equilibration time 392–393
erectile dysfunction 286, 339–340, 434
ergothioneine 5
ethical issues

castration 478
electroejaculation 238–239, 436
male contraception 475
posthumous use of preserved semen 77
wildlife management for conservation

452–453
ethylene glycol, cryoprotectant 389, 441
excurrent (extragonadal) ducts, occlusion 156, 

266, 285
exercise, effects on libido and sperm 

production 19–20
exogenous hormone treatments 18–19, 283, 288, 476, 

487–489
exosome secretion 60–61, 62
expected progeny difference (EPD) 325, 404
extenders, semen

antimicrobial procedures 87–88, 122, 391–392
buffering capacities 388–389
camelids, commercial availability 440
components research 81–82, 212, 212–213, 

214, 274
effects on sperm motility estimation 261, 388
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equilibration time 392–393
toxicity, wildlife species 454

extensive grazing management 356, 358
extracellular environment

female genital tract 65–67
male genital tract 62–63
membrane dynamics 60–62, 62

extragonadal sperm reserves (EGR) 25, 258, 426

fallow deer (Dama dama) 247
false mounting 27, 27, 316
fatty acids

dietary manipulation 216
profiles in bird and mammal sperm 

membranes 200, 214
feet and legs, examination 233, 324, 363–364
feline theriogenology see cats
female reproductive tract

effects of seminal plasma components 6–7,
531–532

sperm interaction testing 263, 486
sperm selection 523–524
sperm surface modification 65–67

feral animals, population control 475–476,
479, 501

fertility
acquisition, in sperm maturation 24–25
cryopreserved sperm, post-thaw variation

84–85, 90, 393–394
developmental anomalies, effects 144–145,

227–230
effects of strenuous exercise 20
low reproductive efficiency, Bos indicus 353,

356–358
male factors, causes and heritability 147–149,

148, 357
breed differences 149
inbreeding impacts 149–150
infertility assessment schemes 187, 187,

191, 191, 279–280
predictive value of BSE 255, 269–270, 510–513, 

533–534
related to sperm attributes and function

adverse impacts of sperm abnormalities
38, 39–40, 117–118, 146

assessment related to sperm number, in AI
108–109, 534

diagnostic/predictive value of in vitro
tests 513, 514–515, 516–522

multifactorial analysis 522–523, 523, 533
semen protein markers 5, 148–149, 269, 

527, 532
service capacity testing 244–245

fertilization
in vitro

capacitation factor addition 67–68
sperm fertilizing capability assessment

395, 519, 522
molecular biology research approaches

69–70, 525–527
process, sequence of events 57, 59–60

seminal plasma protein involvement 5,
531–532

sperm passage through perivitelline layers 
(birds) 211–212

fertilization antigen-1 (FA-1) 486
FHA (Fourier harmonic amplitude) analysis 118
fibronectin type II (Fn-2) SP proteins 528
fish 463
flagella

induced dysfunction, for contraception 496
non-specific and pathogenic abnormalities

151, 156, 161
ultrastructure, poultry sperm 198–199

flehmen response 320, 426, 434
flow cytometry

for morphology and viability analysis 109, 117, 
159, 243, 516

potential screening uses 412, 534, 535
sperm concentration measurement 105, 106, 107

fluorescent probes 210, 243, 262, 516
follicle-stimulating hormone (FSH) 44, 275–276, 280

inactivation, for contraception 483, 485–486
roles in development 298, 300–301

Fourier harmonic amplitude (FHA) analysis 118
fowl, domestic see poultry
freeze-drying 83
freezing

cooling curve and ice crystallization 77, 77–78
effects on spermatozoa 78–79, 79, 90
optimal cooling rates for cells 80–81, 392–393
thawing rates 393–394

Freund’s complete adjuvant (FCA) 481
frostbite, scrotal 178, 324
fructose

seminal plasma 4, 205
utilization efficiency 213

FTIR (Fourier-transform infrared spectroscopy)
80–81

gamendazole, contraceptive activity 494
GAPDH inhibitors 496
gazelle, red-fronted (Gazella rufifrons laevipes) 228
gender selection 453, 457
gene expression

analysis using biopsy material 280
epigenetic regulation 45–46, 526, 535
genomic sperm function analysis 525

genetic resource banks (GRBs) 462, 463–464
genetic selection see breeding programmes; 

stud management
genetic testing, stud animals

dogs 178–179
horses 269
pigs 404

genetic variation
cryoinjury susceptibility 84–85
diversity management, wildlife species

451–452, 453
propagation of defects by assisted 

reproduction 147, 151
sperm defects 40, 335–339
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germ cells
autoantigens and immune response 

control 483
developmental failure (hypoplasia) 333–334
ratio to Sertoli cells 22–23
types and development 11–12, 305

giant sperm head abnormality 159
Giemsa stain 110, 278, 395, 438
globozoospermia (round-headed sperm) 

defect 158
gloved hand technique, semen collection, pigs

406–407
glutamic acid, in poultry seminal plasma 204, 213
glycerol

cryoprotectant action 79–80, 389
damaging effects, sperm 80, 459
removal from thawed semen 215, 215–216
value in short-term cold storage 388

glycocalyx, in poultry sperm 199–200, 203, 214
glycolysis

differences, chicken and turkey sperm 201, 202
sperm tail motility 58
suppression by GAPDH inhibitors 496

glycosidases 67, 206
GnRH-conjugates 484, 485, 491
goats

abnormal development
cryptorchidism 229
epididymal stenosis 229
hypospadias 230
intersexuality 227–228

breeding seasonality 245–246
health condition assessment 233
male (buck) reproductive organs 226, 227
puberty, influencing factors 231
scrotal circumference measurement 234–235

GonaCon® (GnRH vaccine) 497, 500
gonadotrophin-releasing hormone (GnRH) 275–276, 

297–298
antagonists (receptor competitors) 490–491, 498
contraceptive vaccine target 482–483, 

484–486, 497
downregulation by GnRH agonists

489–490, 500
gonadotrophins

effect of nutritional deficiencies 356
negative feedback from sex steroids 487–488
secretion in development 297–301, 299, 307–308

gossypol
contraceptive agent 493, 496
diet, and sperm abnormalities 43, 160

GPI-anchored proteins 61, 63
granulomas, sperm 229, 265, 266, 284
growth hormone (GH) 301–302
GTLS method (antibiotics for semen extender) 87
guanaco (Lama guanacoe) 418, 423, 442
guinea fowl, sperm morphology 198–199

haematocele 264, 266
haematomas, ultrasound imaging 265, 279
haemocytometry 101–102, 184, 190

calibration, spectrophotometers 105, 209

Improved Neubauer, counting method
102–104, 105

sperm production estimates 21–22
hair rings, penile 189, 430
head (sperm)

apical hook, in rodents 457
defect types 152–153, 157–159, 411
normal morphology 34–36, 35, 58
stress damage effects 146, 158–159, 159
surface functional domains 59–60

health, general
access to water, boars 415
body condition scores (BCS) 232–233, 362–363
effects on reproduction in wild species 452
evaluation for breeding soundness 178, 180, 429

health and safety, wildlife research 451, 501
heat stress

adaptations in Bos indicus 353–354
effects on spermatogenesis 41–42, 316, 413, 439
loss of libido, camelids 434
sperm abnormalities 242, 316–318, 317
temperature control in boar housing 414, 414
thermal damage to testes 282–283

heparin-binding proteins (HBPs) 528, 532
heritable traits

heritability estimates, for selection 325–326, 326
male fertility factors 147–149, 148

hermaphroditism 227–228, 458, 462
hernias, inguinal/scrotal 264, 284
high density lipoproteins (HDLs) 207
histones, posttranslational modifications 45–46
homogenization method, DSP estimation 21–22, 22
hormones

administration before semen collection, 
dogs 180

control of sexual development, bulls 297–302, 
307–308

diagnostic testing, stallions 275–277
disruption in stress conditions 318
effects of malnutrition on secretion 452
endocrine disrupting compounds 44–45
exogenous treatments 18–19
exposure at birth, priming effect 177, 187–188
monitoring in wildlife research 451
related to libido and behaviour 320
rhythms related to photoperiod 245–246
sperm production 44, 283
stress responses 452
targeted by contraceptive vaccines 482–483,

484–486
horses

behavioural and ejaculatory dysfunction 288–289
castration 478, 497–498
diseases of reproductive organs

accessory sex glands 285–286
excurrent duct system 284–285
penis and prepuce 286–288
scrotum, testis and tunics 280–284

inbreeding, adverse effects 150
reproductive evaluation of stallions

genetic and disease testing 257, 269
history and breeding performance 255,

257–258
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physical examinations 255–257, 263–269
scope and interpretation 254–255,

269–270, 511
semen collection and evaluation 258–263

sperm production
age 16, 17, 256
effects of exercise 19–20
effects of oxidative stress 270–275

stallion fertility factors 149
diagnostic endocrinology 275–277
genetic markers 148–149, 269
testicular biopsy 277–280

HOSTs (hypo-osmotic swelling tests) 117, 186, 395, 
412, 413, 516

human chorionic gonadotropin (hCG) 276, 
281, 432

hyaluronan (HA)
receptor CD44 520–521
swim-up media viscosity manipulation

524–525
hydrocele 264, 283–284, 433
hygiene

cryostorage technologies 88
good practice in AI 85, 86, 287

hyperactivated motility 66, 520
hyperimmune serum, added to semen 88
hypo-osmotic swelling tests (HOSTs) 117, 186, 395, 

412, 413, 516
hypoplasia, testicular 333–334, 357, 365–366, 432
hypospadias 230
hypospermia, definition 151
hypothalamic–pituitary–gonadal (HPG) axis

effects of metabolic hormones 301
immunocontraception 482–486, 487, 490
inhibition by cytotoxins 491–492
sexual development 297–298

interaction with nutrition 311
hypothalamus, production of GnRH 484
hypothermic storage (semen) 213–214, 388
hypothyroidism, dogs 180, 182

ICSI (intracytoplasmic sperm injection) 83, 147, 
279, 455

identification of sires, bulls 359–360
imidazoles, contraceptive activity 494
immune responses

cell-mediated 486–487
contraception 482–487, 498
febrile side-effects, boars 412
maternal reactions to seminal plasma

6–7, 532
sperm autoantigens 483

implants, contraceptive 490, 500
inbreeding, effects on fertility 149–150, 187, 360
incomplete acrosome defect 157
indazole-3-carboxylic acids, contraceptive 

activity 494
indenopyridines, contraceptive activity 495
indigenous cattle see cattle (Bos indicus)
induced testicular degeneration 481–482, 500
infantile/prepubertal development, bull calves

297–301, 311–312

infertility see fertility
infrared thermography 374
inhibin 278, 301
inositol, in seminal plasma 4, 205
insulin-like growth factor I (IGF-I) 302, 307
international exchange see biosecurity; transport, 

semen samples
intersexuality

horses 269
small ruminants and cervids 227–228

intracytoplasmic sperm injection (ICSI) 83, 147, 
279, 455

ion channels, sperm 63, 64
IVF (in vitro fertilization)

capacitation media 67–68
estimation of sperm fertility potential

512–513, 522
ICSI technology (nuclear microinjection) 83, 147
sperm selection, microfluidic 525, 535

Karras Spermiodensimeter 101, 102
karyotype analysis see chromosomal anomalies
keyhole limpet haemocyanin (KLH) 484, 497
kisspeptins 484
Klebsiella pneumoniae infections 287
Klinefelter’s syndrome 145, 159, 334
knobbed acrosome (KA) defect

boar sperm 409
incidence, causes and effects 156–157, 335,

335–336
infertility in dogs 186

knockout genotype studies 69, 161
koala (Phascolarctos cinereus) 459, 460

lactate dehydrogenase (LDH) activity 424, 486
lameness, effects on bull reproduction 363–364
lecithin (cryoprotective additive) 81
leishmaniasis 184
Leja® counting chamber 120, 120–121
leptin 302, 307
Leydig cells 44

differentiation and proliferation 298–299, 302, 
303–304

seasonal increase 420
testosterone secretion 281, 299–300

libido
causes of reduced levels 181–182, 189, 320, 434
definition and testing 329–332, 331, 361–362
effects of exercise 19–20
effects of experience and handling 257–258,

288, 329, 331
enhancement by exogenous hormones 18
individual variation, water buffalo 383
maintenance, stimulus pressure 28, 28, 321

lipids
cryoprotective additive 81
peroxidation during storage 214, 273–274
seminal plasma components 6, 205, 205–206
sperm membranes 200

lipocalins 528, 531, 532
liquid cold storage (semen) 213–214, 388
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liquid nitrogen, in cryopreservation, sperm 83, 88, 
216, 393

live–dead stain see eosin–nigrosin viability stain; 
nigrosin–eosin viability stain

llama (Lama glama) 418
abnormalities 430, 431, 432, 433

examination 430
artificial insemination and semen preservation

440, 441, 442
hybridization attempts 442
male anatomy 419, 421, 422
mating behaviour 426, 427
semen characteristics 436, 437, 438, 439
semen collection 435, 436, 437
sexual development 422–423
spermatogenesis and sperm maturation 424,

425, 426
long scrotum, associated problems 366–367
low-density lipoproteins (LDLs) 207, 390
luteinizing hormone (LH) 44, 275–276, 283

pulse frequency in development 298–300, 300,
301, 307–308

effects of low nutrition 311
stimulation of Leydig cells 489

major defects (abnormal sperm) 39, 146, 151
Makler® counting chamber 101, 102
male fertility variation 147–150, 148
male reproductive tract

birds, compared with mammals 197–198
camelid anatomy 418–422
normal and abnormal development, small 

ruminants 226–232
sperm surface modification 62–63
swine 405–406, 406

markers (biomarkers)
marker-assisted selection (MAS) 404, 535
semen freezability 84–85
seminal plasma components 527
stallion fertility 5, 148–149, 269, 276–277

marsupials 83, 90, 459–460
mating see breeding (mating) behaviour; copulation
maturation, sperm

acquisition of motility 60
epididymal contributions 61–62, 63, 426
marsupial sperm 459–460
suppression by contraceptive agents 483, 

495–496
media, semen cryopreservation 81–82
meiosis, spermatocytes 12
melatonin 181, 245, 246
membranes

damage by ROS, and its prevention 273–274
freezing, disruptive phase transitions 78–79
integrity testing (sperm viability) 116–117, 

186, 210, 395, 516
interaction dynamics, sperm–extracellular 

surroundings 60–62, 62
proteins

hyaluronan receptor CD44 520–521
interactions with seminal plasma 

proteins 531–532

redistribution during fertilization 60,
61, 68

targeting by immunocontraceptives 486
sperm glycocalyx and lipids 199–201

metabolic indicator hormones 301–302, 307
mice

NB-DNJ as contraceptive treatment 492
sperm cryopreservation 82, 83, 84

microarray analysis 525, 526, 535
microbiological evaluation of semen 122–123,

257, 412
microfluidic flow sorting 535
microscopy

biological stains and probes 109, 110–112
dark field 118, 119
differential interference contrast (DIC) 115–116, 

241, 374
electron (SEM and TEM) 116, 243, 244, 262
enhanced digital image analysis 534–535
phase contrast 109, 112, 113–115, 240
specimen fixation and staining 185, 260, 

278, 372
stage and sample warming 261, 408
see also stains, biological

microtubular mass sperm defect 160
midpiece (sperm)

defect types and effects 41, 153–155,
159–160, 410

functions 58
length

breed variation in cattle 149
proportions in chicken and turkeys 198

morphology 36–37, 37
migration assays, in cervical mucus 121–122, 524–525
milk

dairy production in buffalo 380
semen extender 274, 388

minor defects (abnormal sperm) 39, 151
mitochondria

dysfunction in rooster sperm 203
energy metabolism 4–5
functional status evaluation 516–517
morphology in sperm tail 36–37, 58
results of membrane damage 41, 271

mitosis, spermatogonia 12, 305
mobility assay, sperm 202–203, 210–211, 211
monorchidism 179, 188, 432
monothioglycerol (cryoprotective additive) 82
monotremes 460–461
morphology (sperm)

breed variation 149, 386, 386
causes of teratospermia 156
classification of abnormalities 39–40, 115, 

146, 150–151
microscopic evaluation

avoidance of artefacts 260
computer-assisted morphometry 

(ASMA) 510, 513
morphologically normal percentage

190–191, 242, 259–260, 512–513
techniques 109–116, 185–186, 241
tropical on-farm assessment 371–373
wet and dry mounts 408
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normal features 34–38
amphibians 462
camelids 438, 438
marsupials 459–460
poultry 198–199

motility (sperm)
defective (asthenozoospermia), causes 151, 156
effects of temperature 77, 202
evaluation methods

camelids 437–438
difficulties under field conditions 371
poultry 210–211, 211
progressive motility, cats and dogs

183, 190
standardization and skills needed 408
techniques compared 118–121, 240–241, 

512, 534
total and progressive, horses 261–262

gained during maturation 60, 201–202
hyperactivated motility 66, 520

migration testing in cervical mucus 121–122,
524–525

sperm pairing 460
mule deer 237
muntjac (Muntiacus spp.) 247
mycotoxicosis, boars 415

NB-DNJ (N-butyldeoxynojirimycin) 492
neck, sperm

morphology 36, 37
poultry, species compared 198

needle biopsy 277, 278, 279
neem seed oil, contraceptive activity 492–493
neoplasia, testicular 283, 433
Neubauer Haemocytometer, Improved 102

counting, calculation and standardization
101–105, 103, 104

neutering see sterilization
New World Camelids see South American Camelids
nigrosin–eosin viability stain 111, 210, 241, 260
nitrogen compounds in semen 5
non-coding RNAs 526
non-permeable cryoprotectants 390–391, 454
non-return rate (fertility measure in AI) 108–109,

511–512, 513
prediction from sperm functional testing

523, 523
biomimetic in vitro assays 520, 520, 521
motility assays 121, 122, 522

NucleoCounter® SP-100™ 105–108, 106, 107, 117, 244
nucleus (sperm) 35

FHA analysis of shape 118
in vitro decondensation 519

nutrition
adaptation to low-quality forage 354
diet modification for sperm cryotolerance

216, 274
dietary formulation for boars 414–415, 415
effects on reproduction in wild species 452
effects on sexual development, bulls 310,

310–313, 356
effects on sperm production and quality 18, 43

feed efficiency, intact and castrated animals 478
interaction with daylength responses, 

sheep 246
seasonal quality variation 363

obesity, dogs 180, 499
oestrogen

exposure at birth, and later breeding success
177, 188

male contraception 487
OIE (World Organisation for Animal Health)

85–86, 89
Old World Camelids (OWC, camels)

artificial insemination 441
breeding season and rutting behaviour 423–424, 

424, 428, 434
infectious causes of reproductive 

disorders 433
physical examination 429–430, 431
poll glands 422
seasonal anatomical variation 419, 420, 422
semen collection 435, 436
species 418, 442
see also Bactrian camel; dromedary

oligo(zoo)spermia
causes, dogs 183, 184–185
definition 151

oocyte
actions of acrosomal enzymes 36
cumulus complex 65–66, 67
optimal cooling rates, cryopreservation 80
penetration test (in vitro) 521–522
used for testing buffalo sperm 395

open biopsy, risks 278, 279
optical density (OD) measurements 105, 184, 209
orchidectomy 477–478, 497, 499
orchitis, causes and consequences 281–282, 285, 433
orgling (camelids) 426, 434
osmolality

seminal plasma 259
stains, and artefacts 241

osmolarity, semen extenders 213, 390–391
osteopontin (OPN) 532
ovalbumin 207, 210, 484
overfeeding

boars 415
zebu bulls 364

oviducts
bicarbonate, oviductal fluid 66, 520
catalase secretion 67
interactions with sperm 62, 65, 66–67, 521, 524

ovine epididymitis (Brucella ovis) 233–234
ovotransferrin 207
ovulation induction factor (OIF), semen 439
oxidative stress

DNA damage 146, 272–273
measurement 517

impaired sperm motility as indicator 272
normal generation and control of ROS

271–272
semen processing/storage 270–271,

273–274, 275



562 Index

Pampas deer 232
pampiniform plexus

scrotal thermoregulation 17
varicocele 264, 284

paraphimosis 286, 430
pathogens

causing disease 281, 286–288, 413
semen contamination, and control 85–88,

122–123, 391–392
PCD/ICS (ciliated cell/sperm defect) 161
penis

anatomy, camelids 421–422
deviation during mating, horses 265, 267
diseases and disorders 286–288, 339–341, 365
penile spines, cats 188, 455, 459
physical examination

camelids 429–431
dogs 180
horses 255–256
small ruminants 235

sigmoid flexure 226, 320, 405
ultrasonography 265, 266
unusual features, marsupials and monotremes

459, 461
perforatorium (acrosomal spine) 198
periodic acid–Schiff reaction (PAS) 424–425
perivitelline layer hydrolysis 211, 211–212
perivitelline space 66, 67, 201
permeable (penetrating) cryoprotectants 389–390, 454
persistent penile frenulum 340, 365, 430
Petroff–Hauser counting chamber 118, 119
pH, semen

buffering agents in extenders 213, 388–389
evaluation and result interpretation 183,

190, 259
PH-20 (sperm protein antigen) 486
phase contrast microscopy

advantages and disadvantages 241, 260, 372
assembly and set-up procedure 109,

113–115, 114
microscope components 109, 112, 113
specimen observation 115, 240

pheromones
behavioural responses, dogs and cats 178, 

181, 188
produced in oestrus 181, 461

phimosis 430
phosphatidylcholine 6, 200, 214
phosphodiesters 206
phospholipids

bird sperm membranes 200, 205, 205–206
loss during in vitro storage 214

composition and functions 6
photometry, for sperm concentration 105, 209, 411
photosensitive disinfectants 88
physical examinations

general health assessment 232–233, 255, 
362–364

observed abnormalities, bulls 324
reproductive organs

camelids 429–434
cats 188
dogs 179–180, 180

horses 255–257, 263–269
pigs 405–406
small ruminants 234–235
zebu cattle 364–369

signs of hereditary disorders
alpacas and llamas 429, 429
cats 188
dogs 179
small ruminants 233

physiology
adaptations to tropical 

conditions 353–354
impacts of reactive oxygen species 40–41
regulation of sperm production by 

hormones 44
respiratory metabolism, chicken and turkey 

sperm 201, 202
PI (propidium iodide) 106, 106, 210, 243
pigs

boar development and puberty 405
boar taint in meat 476, 498
breeding assessment

genetic and disease status 404–405
physical condition and behaviour

405–406
castration of males, and alternatives 478, 498
fertility

causes of reproductive failure 412–416
male heritable factors 147, 148
sperm number per AI dose 108, 109

post-thaw semen quality variation 84–85
semen collection and evaluation 406–412, 408

pin-head sperm 158
pituitary

basophil/acidophil ratio 462
gonadotrophin release 276, 298
hormone-based contraceptive vaccines 484–486, 

487–491
platelet activating factor (PAF) 6, 206–207
platypus (Ornithorhynchus anatinus) 461
pokeweed antiviral protein 491–492
poll glands, camels 422, 428
polled trait, goats 227–228, 229
polyethylene glycol (PEG) 390
polynucleotide (plasmid) vaccines 486–487, 501
polyspermy (fertilization) 66–67

physiological, birds 211
population control, animals 475–476, 499–501
post-coital aspiration 436, 437
poultry

artificial insemination technologies 212–216
importance of assisted reproduction 197
semen collection and quality evaluation 207,

209–212
seminal plasma components 203–207, 208
sperm characteristics 198–203
see also chickens; turkeys

pregnancy rate variation 332, 357–358
prepuce

anatomy, camelids 421
health assessment

llamas and alpacas 430
zebu bulls 364–365
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mucosa, detachment at puberty 355–356
penile frenulum attachment 340, 365, 405
treatment of damage, horses 286

preputial swelling and prolapse 430
priapism 286
primary abnormalities (sperm) 39, 115, 

151, 242
primary ciliary dyskinesia/immotile cilia syndrome 

(PCD/ICS) 161
primary spermatocytes 12
primates, non-human 455, 486
principal piece, sperm tail 37, 37, 38
probes, biological imaging 109, 110–112
progestin combination therapies 488
progressive motility (PM)

evaluation methods 118–121, 183–184, 240
related to total motility 190, 261
repeatability and variability 261–262, 270

prolactin 245, 246, 491
propidium iodide (PI) 106, 106, 210, 243
prostaglandins, semen 6
prostate gland

examination, dogs 179
prostatic bodies in marsupials 459

prostatitis 179
protamines

deficiency monitoring 517
freeze-drying success 83
ratios in rats and mice 457
roles and importance in sperm 45, 46

proteins
post-translational modification 45–46, 527
seminal plasma 5, 528, 529–530, 531–532

poultry 206–207, 208
sperm membranes, antibody responses 486
zona-binding, in sperm 59, 63–65, 531, 532

proteomics research
seminal plasma 528, 531, 536
sperm surface 68, 70, 526–527

pseudo-droplet midpiece defect 159–160
Pseudomonas aeruginosa infections 287
puberty

age of onset
breed variation 230–231, 308, 309, 382
correlation with adult body weight

178, 188
effects of management and nutrition 355, 

356, 381, 405
females, correlated with 

sire SC 326–328
seasonality 188, 230, 231–232
variation between individuals 301, 422–423

definitions 177, 230, 308, 354
growth and sperm quality after puberty 308–310, 

310, 381
hormonal regulation 44, 301, 307
onset determination

small domestic animals 177–178, 188
zebu bulls 354–356

pyriform sperm heads 158, 513

Qualisperm™ motility analysis 512, 534

rabbits, immunocontraception 486
racing camels 418, 428, 439
rams see sheep
reaction time, for sexual stimulation 257, 321
reactive oxygen species (ROS)

bacteriospermia, produced by WBCs 391
detrimental effects on sperm 40–41, 158, 

272–273, 517
generation in normal sperm function 270, 271
lipid peroxidation, and control 214, 273–274
scavengers in seminal plasma 271–272

red deer (Cervus elaphus)
breeding fitness and capacity 232–233, 245
electroejaculation 236, 237
infection with Brucella ovis 233, 242
prostate glands 227
rutting behaviour 227, 247
seasonal variations 231–232, 235, 242, 246–247

reindeer 232
reptiles 458–459
restraint

active (teasing), for sexual preparation 27, 27,
315–316

electroejaculation 236, 237
females for libido/service capacity testing 329
requirements for Bos indicus management 359, 

362, 365, 369
retrograde ejaculation 185

retrieval of semen, cats 189
RISUG (reversible inhibition of sperm under 

guidance) 480–481
river buffalo 380, 382, 383–384
rodents 3, 457–458
roe deer 228
rolled head/nuclear crest/giant head syndrome 159, 

336, 336
ROS see reactive oxygen species
round-headed (globozoospermia) sperm 

defect 158
ruffled acrosome defect 157
rutting behaviour

camels 428
deer 227, 245, 247

sanitation see hygiene
scanning electron microscopy (SEM) 116
SCD Halo (sperm chromatin dispersion) test 117, 534
scrotal circumference (SC)

breed differences, bulls 328, 328–329, 330, 368, 368
heritability 147–148, 325, 326
increase during development, bulls 302–303,

303, 304, 308, 354–355
measurement and use in selection 15–16,

234–235, 325–329, 367
minimum value, SFT guidelines 323, 323–324
related to age of mother 311
variation with age and season

camelids 419–420
deer 235, 235

scrotum
diseases and disorders 283–284, 365–366, 432
infrared thermography 374
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scrotum (continued)
insulation and effects of heat stress 41–42,

316–318, 317
length, zebu bulls 366–367
ultrasound examination 264, 373
width

estimation of DSO, horses 256
related to body weight, dogs 180, 180

SCSA® (DNA damage assay) 117, 118, 518
seasonality

body condition related to nutrition 363
effects on sperm production and quality 16,

318–319, 319, 381–382
reproductive behaviour cycles 245–247,

383–384, 423–424
wild species 425, 458, 461

testicular size variation, camelids 419–420,
425–426

secondary abnormalities (sperm) 39, 115, 242
secondary sexual characteristics 145, 231, 246, 476
secondary spermatocytes 12
Segré–Silberberg (SS) effect 121
selection criteria

B. indicus bulls, in Costa Rica 358–359, 
359, 367

data analysis and molecular screening 404,
533–536

registers of fertility 511–512
selective AR modulators (SARMs) 489, 501
selenium supplements, effect on sperm production

43, 274
semen

composition 3–6, 4, 527
functions 6–7
pH 183, 190, 259

buffering capacity 386
viscosity 386, 437, 439–440
visual appearance (colour, transparency) 101

colour, pathological indications 182–183, 
190, 240, 385

volume 3, 100–101
effects of collection method 190, 436
reason for recording 183
variation with breed and age 385,

385–386
see also seminal plasma

semen collection
collection frequency 11, 258, 315

suggested, in boar management 415,
415–416

ejaculate volume measurement 100, 101
factors influencing sperm production 15–21
hygiene measures 86, 239
management for optimum production and 

quality 25–28
sperm output rates 23–24, 24
techniques

camelids 435–436, 439
cats 189–190
cloacal strokes, domestic fowl 207
electroejaculation 189, 236–239, 369–370
gloved hand technique, boars 406–407
manual stimulation, dogs 180–181

post-mortem epididymal flushing 239
wildlife, anaesthesia impacts 451

training of male animals for AV use 236, 369, 
384–385

semen handling and preservation
camelid semen 439–441
cold shock avoidance 239–240, 392–393
control of contamination by pathogens

85–88, 391–392
cryopreservation 76–85, 215–216, 388–391, 

440–441
damaging effects of handling strategies

68–69, 512
disinfection techniques 87–88, 239
field conditions, for wild species 454–455
filtration and mixing, poultry semen 209
international transport 88–89, 464
related to accuracy of quality evaluation

182, 258
sperm activation media 67–68
see also hygiene; storage

semen quality evaluation
biochemical analysis 258–259, 438–439
interpretation 187, 370–371, 439, 510
microbiological status 122–123, 186, 412
morphologically normal spermatozoa 

percentage (MNS) 38, 116, 156, 185–186
procedures for specific animals

buffalo 394–396
camelids 436–439
cats 190–191
dogs 182–187
horses 258–263
pigs 407–412
poultry 209–212
small ruminants and cervids 240–244

research progress and potential new methods
509–510, 533–536

sperm concentration 21–23, 101–108, 156, 184
sperm function, in vitro assays 262–263, 513, 

514–515
biochemical attributes 516–519
biomimetic, for oviduct/fertilization 

processes 519–522, 523–525
membrane/nuclear integrity (viability 

testing) 116–118, 186, 210, 516
perivitelline hydrolysis ability 211,

211–212
spermatozoal motility 118–122, 151, 156

assessment difficulties under field 
conditions 371

measurement and normal range
183–184, 190

sperm mobility assay 210–211
terminology 151
visual evaluation

macroscopic observations 182–183, 
209, 258

microscopy 109–116, 240
seminal plasma

alkaline phosphatase levels, as occlusion test
156, 185, 258–259, 280

components 3, 4, 4–6
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camelids 438–439
poultry 203–207
water buffalo 387, 387–388

long-term exposure, damage to sperm
454–455, 528

osmolality 259
proteins, related to fertility 527–528, 529–530,

531–532
ROS scavengers 271–272

seminiferous tubules 13–15, 306–307, 420
seminomas, ultrasound detection 264, 265, 283
serological disease testing 233–234, 287
serotonin, anti-spermatogenic effects 495
Sertoli cells

differentiation, in development 300–301,
304–305

hormone production 44, 276–277, 302
inhibin as functional marker 276
numbers, correlation with sperm production

22–23, 405
serum albumin 207
service (serving) capacity testing 244–245, 320, 

329–332, 362
sexual dimorphism development 144–145, 476
sexual maturity

camelids 422–423
cattle 310, 355, 356
small ruminants and cervids 230–231, 232
swine 405
water buffalo 381

sexual preparation methods and results 27, 27,
315–316

sexual rest (SR)
effects on sperm production 20–21, 21, 360–361
extragonadal sperm reserves 25, 25

sheep
abnormal development

cryptorchidism 229
hypospadias 230
intersexuality 228

Brucella ovis infection, testing for 233–234,
240, 242

EE and AV semen collection compared 236
effect of shearing on fertility 233
fertility and service performance 244–245
male (ram) reproductive organs 226, 227
puberty onset 231
seasonal fertility variation 245, 246
testicular size and fertility 234
vasectomy for teaser rams 479

short penis/retractor penis muscle 340
short tail defect, sperm 161, 338, 339
sialic acid 199, 200, 214
sika deer (Cervus nippon) 236, 247
single-cell gel electrophoresis (comet assay) 117, 263, 

263, 518
Sitka black-tailed deer (Odocoileus hemionus sitkensis)

229–230
small domestic animals see cats; dogs
small ruminants

breeding soundness evaluation 232–233,
234–235

male contraception 498

male sexual development 226, 227
abnormalities 227
maturity and seasonal breeding 230,

245–246
semen collection 236, 237–238
semen quality evaluation 240, 243–244
see also goats; sheep

SMI (Sperm Motility Index) 183, 190
SNARE (acrosome docking complex) 64, 64–65
social dominance hierarchies 321–322, 360, 478
Society for Theriogenology (SFT) 322–323
sorting, spermatozoa

effect on mucus migration ability 122, 524–525
gender selection 453, 457
sperm selection by female genital tract

523–524
South African Veterinary Association 324
South American Camelids (SAC)

congenital abnormalities 429, 432
hybridization attempts 442
male reproductive anatomy 419, 419
mating behaviour 426–428
species 418
sperm production 425, 426
see also alpaca; guanaco; llama; vicuña

specific sperm defects see major defects
spectrophotometers, for sperm cell concentration

105, 260
sperm chromatin dispersion (SCD Halo) test

117, 534
Sperm Chromatin Structure Assay (SCSA®) 117, 

118, 518
sperm concentration measurement

preferred methods for specific animals
camelids 437
horses 260–261
pigs 408–412
poultry 209
small domestic animals 184, 190
small ruminants 243–244

techniques and equipment 101–108
sperm defects see abnormal sperm
Sperm Motility Index (SMI) 183, 190
sperm–oocyte interactions see fertilization
spermadhesins (SP proteins) 528, 531, 532
spermatids

development process 12, 14, 305
homogenization resistance 21–22

spermatocrit
definition 3
measurement technique 184, 209

spermatocytes 12, 305
spermatogenesis

birds, compared with mammals 198
chemical inhibition (for contraception)

492–495
effects of heat stress 41–42, 281, 316
efficiency and sperm output 308, 314–316
failure, causes and results 156, 334
genetic factors 144, 522
germ cell divisions 11–12, 305
hormonal regulation 44, 300–301, 487–491
initiation in young animals 305–307, 306, 355
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spermatogenesis (continued)
recovery times after stress 17–18, 316, 413
seasonal activity variation, camelids 425–426
seminiferous epithelial cycle 13, 13–15, 14,

384, 424
spermatogonia 11–12, 305, 384
spermatoxicity 160
spermatozoa (sperm)

effects of freezing 78–79, 79, 80–81
damage on thawing 90, 393–394

maturation and transport 6, 24–25, 426, 531
metabolism 4–5, 6, 201
normal morphology and ultrastructure 34–38, 

58–59
ergonomic adaptations 59
horses 259
poultry 198–199

surface remodelling for fertilization 60–67
see also abnormal sperm; motility

spermiation
loss of organelles and capacities 59
spermatogenesis 12, 13

spermiostasis 285
spiral penile deviation 

(‘corkscrew’ penis) 340–341, 365
spotted deer (chital, Axis axis) 232, 247
SRY gene 145, 228
SS (Segré–Silberberg) effect 121
stains, biological 109, 110–112

abnormal sperm morphology 38–40,
190–191, 241, 260, 372

bacteriological 234
sperm viability testing 210, 243, 516
triple stain techniques 185, 243, 516

stallions see horses
stem cell renewal 12
sterilization (neutering)

ductal obstruction 480–481
induced testicular degeneration 481–482
surgical castration (orchidectomy) 477–478
vasectomy 478–480

steroids
administered to suppress spermatogenesis

487–488
effects on male behaviour 476
present in semen 6
reduction for disease control 476–477

stimulus pressure 28, 28, 321
storage (sperm)

containers, cryopreserved samples 88, 
216, 441

in vivo, in female reproductive tract 213, 459
long-term frozen sperm banks 450, 463–464
short-term hypothermic (4°/5°C) 213–214, 388

stud management
breed information sources 178
housing temperature control 414, 414
hygiene recommendations 86, 404–405
international exchanges, control 89
laboratory monitoring of semen quality 121, 122
parentage registration 179
record-keeping, individual history 255, 404, 

511–512

risks of boar over- and under-use 415–416
Society for Theriogenology guidelines 

(horses) 270
stump tail defect, sperm 160–161, 336–337, 

337, 410
styrene maleic anhydride (SMA) 481
sub-fertility, assessment and treatment 511, 523
sugars, cryoprotectant action 79, 390–391
Suprelorin® 490, 500
swamp buffalo 380, 382, 383, 384
sweat glands, Bos taurus and B. indicus 353
swine see pigs
SYBR-14 (cell integrity dye) 112, 116, 516, 534

T-helper cell epitopes 487
tail (sperm)

defect types 155, 160–161
movement 58–59
normal morphology 36–38, 37, 38

teaser animals 27, 28, 475
bitch in oestrus 180
queens 189

temperature
adaptations to tropical conditions 353–354
body, in birds and mammals 200
changes during freezing 77, 77–78
effects on sperm motility 77, 202
heat exchange mechanism in testes 313–314
heat stress effects on sperm production

41–42, 282–283, 413
rise in response to infection 412

temperature-dependent immobilization, bird 
sperm 202

teratospermia 156, 191
cats, felids 191, 456
dogs 183

terminal (end) piece, sperm tail 38, 38
tertiary abnormalities (sperm) 39, 115
testes

biopsy 277–280, 279, 432
blood vessels 277–278, 313–314, 420–421
congenital testicular hypoplasia 333–334,

365–366, 432
development in young animals

growth progress, bulls 302–303, 303,
304, 381

histological differentiation 303–308, 306
normal descent into scrotum 280–281,

382, 419
physical examination

camelids 431–434
horses 256
small domestic animals 179–180, 188
small ruminants 234–235
zebu bulls 365–366

seasonal size variation 16, 235, 245, 419–420
size related to DSP 15, 15–16, 17
testicular degeneration

causes 180, 275–276, 282–283, 433
induced 481–482, 500

tissue microscopy, volume density 
sampling 23
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ultrasound examination 263–264, 264, 268, 373, 
431–432

see also castration
testosterone

adverse effects of treatment 18–19, 182, 488
detection in cryptorchid animals 281
esters, used for male contraception 488
exposure at birth, priming effect 177, 187
inhibition due to stress 318
reduction through contraception, effects 474
seasonal variation, camelids 425
secretion during development 297, 299,

299–301
stimulation by GnRH administration 275–276

thawing rates, effects on sperm 393–394
thermoregulation, testicular

effects of diet and body fat 312–313
environmental responses 17, 354
impacts of disease 281, 283, 412
low efficiency in long scrotum condition 367
mechanisms 41–42, 313–314

α-tocopherol (vitamin E) 43, 273, 274
toluidine blue (stain) 241
tomcat see cats
torsion, testes/scrotum 264, 282
tortoiseshell tomcats, infertility 145, 189
transcriptomics, sperm 526, 534, 535
transcytosis 60, 62
transforming growth factor-β (TGF-β) 532
transmission electron microscopy (TEM) 116, 

244, 262
transport, semen samples 88–89, 440
transrectal examination

physical palpation 179, 256–257, 368–369
ultrasonography 266–268

trauma damage to genitalia 281, 282, 286, 432
trehalose (cryoprotectant) 79, 83
Tris-based extenders 388, 389, 393, 440
tumours, testicular 264, 283
TUNEL assay (sperm DNA damage) 117, 263, 518
turkeys

frothy cloacal fluid 203
seminal plasma serine protease 206
sperm morphology and physiology 198–203

abnormalities 199, 199
biochemical differences from chickens

200, 201, 202
mobility phenotype variation 203

spermatogenic cycle length 198
yellow semen syndrome 209

twins
effect of co-twin sex on ram fertility 244
twinning rate heritability, cattle 148

tyrosine phopshorylation, and sperm 
capacitation 40

ultrasonography
diagnostic 263–268, 277, 373, 431–432
induced testicular degeneration 482

uncompensable sperm defects 39–40, 117, 146
ungulates, wild 456–457
urolithiasis 431

urospermia (urine contamination) 259, 259, 289
uterus

immunological response to semen 62, 66, 
439, 532

masculinus (horses), cysts 267

vaccines, contraceptive 482–487, 497, 498
varicoceles 264, 284
vascular cone (testes) 313–314, 420
vasectomy 478–480
vasovasostomy 479
vector distribution of vaccines 501
vesicular gland inflammation 268, 268, 285–286, 369
viability testing, sperm 116–117, 210, 262–263, 412, 516

viability range observed in buffalo 394, 394
vicuña (Vicugna vicugna) 418

artificial breeding 435, 442
cryptorchidism 432
sexual behaviour and seasonality 419, 423, 425

video recording, in sperm mobility/motility 
testing 118, 120, 241

virus diseases
coital exanthema (EHV-3) 287–288
transmitted in semen 85, 87, 87–88

viscosity
semen 386, 437, 439–440
swim-up media, mobility testing 524–525

visual acuity checks 362, 405
vitamin deficiencies 452
vitamin E (α-tocopherol) 43, 273, 274
vitrification 82–83
volume density estimates (DSP) 23

wapiti (Cervus canadensis)
electroejaculation 236, 237
prostate glands 227
seasonal development and breeding activity

227, 245, 247
water buffalo see buffalo
Western Canadian Association of Bovine 

Practitioners 323, 323–324
whales 458
white blood cells (WBC)

normal levels in semen 3–4, 186
presence indicating infection 240

white tailed deer (WTD)
anaesthesia, for semen collection 236–237,

238–239
male development and fertility 232, 235,

242, 245
wild and endangered species

andrology of specific taxa 455–463
challenges of andrology research

450–453, 464
feral and wild animal overpopulation 

control 475–476, 501
inbreeding levels 156, 451, 453
international exchange, semen/whole animals

89, 450
semen collection 236, 237, 454–455
sperm cryopreservation 450, 453–454
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Wolf’s definition of puberty 308, 354
World Organisation for Animal Health (OIE) 85–86, 89

X-ray screening, effects on sperm 88–89

Y chromosome
AZF region, control of spermatogenesis 156
deletions 145

yellow semen syndrome, turkeys 209

zebu cattle see cattle (Bos indicus)
zinc, concentration in buffalo semen 388

zinc arginine (ZA) 481, 482, 500
zona pellucida

binding test, related to sperm fertility
521, 521

interactions with sperm proteins 59, 63–65, 
531–532

sperm binding capacity test 395, 415
stimulation of acrosome reaction 520

zoonotic diseases 477
zoos

baseline reproductive research 451
conservation breeding programmes 450, 453, 

463–464
skewed gender ratios 457
uses of contraception 476
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