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Preface

The extensive application of AI in domestic animals is demanding an efficient technique
with high rate of success. Methods of improving the success of AI are subsequently
emanating from continuous research in the areas of procuring the best quality semen that
also require employing a rigours semen evaluation system. This book was prepared with an
intention of creating a useful addition to an already available literature on different aspects
of AI.

People involved in AI industry require up-to-date and relevant information in a more lucid
and easily accessible way. Today, client education is increasingly becoming important and
hence the mechanism to communicate pertinent research findings should only be through
greater access to scholarly information. However, some of the most useful research findings
published in scientific forums other than the common journals is still not accessible to all
readers around the world. This is what makes InTech, as a pioneer open access publisher, an
invaluable medium in meeting such needs.

Improvement in livestock resources can be achieved through the implementation of an
efficient and reliable AI service, concomitantly with proper feeding, health care and
management of livestock. Considering the economic investment in semen and other inputs,
success must be judged on the basis of pregnancy rate to the first AI. Pregnancies resulting
from AI largly originate from fertility level of the herd and semen quality. Collectively,
errors in efficiency of AI result in high semen cost, poor conception rate, reduced cow
production and net returns. An understanding of the impact of factors on the probability of
success of AI is of primary importance to establish corrective measures. Despite the wide
application and success of AI throughout the developed world, the success rate in many
developing countries is still low.

The main objective of this book is to provide readers with scientific information on the role
of high quality of semen in improving fertility and hence the success of AI. The book is
divided in to ten chapters each addressing different aspects of AI in domestic animals. The
first four chapters primarily focus on the importance of high semen quality in the success of
AI and methods employed to improve semen quality. Research findings regarding the use
of feed supplements in breeding animals, use of sex-sorted semen and modification of
semen extenders in an attempt to improve semen quality have been dealt in detail. Chapters
five and six address the female aspects including facts about the use anti-inflammatory
drugs in the females, and the role of early pregnancy diagnosis in advancing the success rate
of AI. Chapters seven through nine deals with aspects of advanced semen evaluation.
Additional topic on AI in poultry has also been included. Totally over twenty-five authors
and co-authors from different parts of the world have contributed to this work. Professional
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expertise from different continents, level of practices and interests have come together to
produce a practicable compiled knowledge. This makes the book a valuable scholarly
material for veterinarians working in AI industry, veterinary students, researchers and
livestock practitioners.
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Department of Clinical Studies
Faculty of Veterinary Medicine

Addis Ababa University
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1. Introduction

In the last decades, livestock sector has undergone a process of biotechnology incorporation
with the main goal of enhancing productivity and improving the genetic makeup. In this sense,
artificial insemination (AI) is considered as the most important biotechnology incorporated
into livestock production systems because it implies the use and/or globalization of proven
bulls, which represent a key tool in obtaining animals with higher genetic merit [1].

The wide use of bovine AI was mainly attributed to the development of methods that ensured
cell viability after storage for long periods by reducing sperm metabolism, due to important
progresses in studies involving cryoprotectants [2].

Nowadays, AI is considered as the most worldwide used reproductive biotechnology [3] with
an extremely interesting benefit-cost relationship. Despite the unquestionable role of this
biotechnology in improving productivity, many causes have accounted for the range in results
and/or some unsatisfactory indices of bovine AI programs, highlighting several factors
inherent to female physiology and/or farm management [4-9]. Nevertheless, another factor
positively correlated with the AI outcomes that require appropriate attention, correspond to
quality of semen samples used in the programs [10]. Therefore, the aim of this chapter is to
review the importance of the quality of semen used in reproductive programs as well as the
use of laboratory tests for predicting bull fertility.

© 2013 Oliveira et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2. The importance of semen quality for AI programs

Regarding the quality of semen used in AI programs, it has been reported that differences in
fertility level could be attributed to variations in sperm qualitative characteristics [11].The
success of bovine AI programs largely depends on the use of good quality semen. When only
high fertility bulls are used, better conception rates are achieved, which reduces costs of
reproductive programs [12].

Individual bulls may differ in their ability to fertilize oocytes and/or to develop to blastocyst
stages after in vitro fertilization (IVF) procedures [12-18]. In addition, different sires and/or
batches may differ in the individual response to induction of in vitro sperm capacitation
methods, [14] and in the response to acrosomal mantainence after in vitro incubation [19].

Moreover, the bull influence is an important factor affecting in vivo reproductive outcomes
[8,11, 20,21]. Ward et al. [20] demonstrated that kinetics of embryo development post insemi‐
nation may vary between bulls. Andersson et al. [21] observed a high variability in fertility
among bulls using different sperm concentrations per dose at AI. Sá Filho et al. [8] reported a
high variation in conception rates depending on the bull utilized in a Timed-AI program.
Moreover, Oliveira et al. [10] observed that the sire with numerically lower field fertility also
presented inferior semen quality based on the several in vitro sperm characteristics assessed.

Furthermore, semen handling (and/or semen thawing protocol) might also be an important
factor influencing in semen quality and, therefore, in AI results. Hence, it is deemed necessary
to alert to the practice of simultaneous thawing of multiple semen straws at the moment of AI.

For instance, the Brazilian Association of Artificial Insemination recommends, for bovine AI,
the thawing procedure of a single frozen semen straw (0.5 mL) in water bath unit at a tem‐
perature of 35 to 37°C for 30 seconds [22]. However, the large size of breeding herds using
Timed-AI protocols in Brazil have resulted in the routine practice of thawing multiple straws
simultaneously in the same water-bath unit to increase the convenience of semen handling
and the number of inseminations in a short period.

Because the size of breeding herds continues to increase and the use of estrus synchronization
(as well as the fixed-time artificial insemination protocols) becomes more frequent worldwide,
there are increasing probabilities that several cows will be inseminated on the same day. Hence,
several inseminators have used the practice of thawing, simultaneously, more than one straw
of semen in the same thawing-bath unit to increase the convenience of semen handling.
However, under these conditions, some straws remain in the thawing bath while insemination
occurs. Consequently, the thermal environment of the water bath could have some influence
in sperm viability and fertility.

With this concern Brown et al. [19] demonstrated, in a laboratory study, that semen straws
must be agitated immediately after plunging to prevent direct contact among semen doses and
refreezing during the thaw process. In this case, the simultaneous thawing of multiple straws
had no effect on percentage of motile spermatozoa and acrosomal integrity when up to ten
0.5-mL semen straws were simultaneously thawed in a thermostatically controlled thawing

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed2

bath of 36°C [19]. Later, several other studies were performed regarding this thawing practice,
in order to evaluate the effect of simultaneous thawing of semen straws on in vivo fertility
following AI [23-28].

Goodell [24], in a study with only 180 reproductive outcomes, reported a decrease in concep‐
tion rates of the third and fourth insemination in the sequence, when more than two straws
were thawed at once. However, Kaproth et al. [26] and Dalton et al. [27] demonstrated that
experienced AI technicians can simultaneously thaw multiple semen straws and inseminate
up to four cows within a 20 min interval, without adverse effects on field fertility. Sprenger et
al. [25] observed that an interaction of herd by sequential insemination tended to influence
field fertility outcomes. In one herd, conception rates of straws number 6 and ≥ 7 were lower
than conception rates of straws 1 to 5. However, in the further eleven herds evaluated,
sequential insemination had no effect on conception rate. The authors concluded that, given
that recommended semen handling procedures are followed, more than two straws can be
thawed at once without compromising semen fertility.

DeJarnette et al. [29,30] reviewed several studies regarding the effects of sequence of insemi‐
nation after simultaneous thawing on conception rates with data collected from about 19,000
inseminations. The combined data from several studies suggested that several straws can be
thawed at once with no significant fertility concern, provided that inseminators strictly adhere
to recommended semen handling procedures. The authors recommended thawing (at 35°C
for a minimum of 45 seconds) only the number of straws that can be deposited within 10 to 15
minutes in the female reproductive tract (always maintaining the thermal homeostasis during
this interval) to avoid semen fertility impairment. In addition, it was stated that the more
important issues regarding semen handling is time, temperature, hygiene and inseminator
proficiency. Technicians that fail to abide by the standard recommendations will likely realize
less than optimal conception rates irrespective of the number of straws thawed [29].

Hence, in general, the standard recommendations for cryopreserved bovine semen are (unless
otherwise specified by the manufacturer): 1) to thaw no more straws than can be deposited in
the female within 15 minutes between thawing and insemination, in a water-bath at 35°C for
a minimum of 45 seconds, always maintaining thermal homeostasis during this interval; 2)
Prevent direct straw to straw contact during the thaw process; 3) Implement appropriate
thermal and hygienic protection procedures to maintain thermal homeostasis and cleanliness
during gun assembly and transport to the cow [29].

Still, in a recent study, Oliveira et al. [28] observed that pregnancy rate was affected by sequence
of insemination, depending on which bull was utilized in a timed AI program. In this experi‐
ment, groups of ten semen straws (0.5 mL) were simultaneously thawed at 36°C. After 30
seconds, semen straws were removed (one straw at a time) from water-bath and subsequently
deposited in the cows for AI. One semen straw was used for each cow, in the same sequence
that they were removed from water-bath. All animals utilized in the study were Nelore cows
(n = 944). The inseminations were performed with semen from three Angus bulls, during
Brazilian summer season (breeding season for beef cattle). Timed AI procedures were per‐
formed in a covered and protected area. The results demonstrated that one of the three sires
had reduced fertility for inseminations performed with the group of straws associated with

The Importance of Semen Quality in AI Programs and Advances in Laboratory Analyses...
http://dx.doi.org/10.5772/52022
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the longest interval from thawing to AI. However, semen from the other two bulls was not
significantly different with respect to field fertility for any straw group (Straw Group 1:
inseminations with 1st, 2nd and 3rd straws of the sequence; Straw Group 2: inseminations with
4th, 5th and 6th straws of the sequence; Straw Group 3: inseminations with 7th, 8th, 9th and 10th

straws of the sequence). The mean time (±SD) of straws remaining in the thawing bath were
01:30 ± 00:51 for Straw Group 1, 03:36 ± 01:10 for Straw Group 2 and 06:13 ± 01:44 min for Straw
Group 3. There was an interaction between sire and Straw Group (Conception rate of Sire 1:
Straw Group 1 = 58.1%, Straw Group 2 = 60.2% and Straw Group 3 = 35.3%, P < 0.05; Conception
rate of Sire 2: Straw Group 1 = 40.2%, Straw Group 2 = 50.5% and Straw Group 3 = 51.7%, P >
0.05; Conception rate of Sire 3: Straw Group 1 = 59.8%, Straw Group 2 = 51.0% and Straw Group
3 = 48.6%, P > 0.05). Overall conception rate of cows inseminated with first straw in the sequence
(Straw 1) was 58% and of cows inseminated with tenth straw in the sequence (Straw 10) was
44% (P > 0.05). According to the results, semen fertility of some sires appeared to be more
negatively affected by sequence of insemination than others. However, because the high
environmental temperature during the field experiment may have potentiated the effects of
incubation time on semen quality, the possibility that the thermal environment of thawing
bath could have interfered on sperm fertility (mainly of bull that presented reduced conception
rate associated to sequence of insemination), was considered. In summary, it was stated that
the number of straws that can be simultaneously thawed without compromising semen
fertility seems to vary for each bull. Unfortunately, the laboratory analyses did not clarified
the effect of interaction between sire and straw group observed in field experiment of this
respective study [28]. Thus, the reason why semen from some bulls seems to be more suscep‐
tible to specific thawing environments and/or procedures remained to be elucidated. The
authors concluded that sequence of insemination after simultaneous thawing of multiple
semen straws might affect fertility outcomes, depending on the sire utilized in the reproductive
program. Hence, under similar environmental conditions, 10 semen straws should not be
simultaneously thawed, because it could affect conception rates, according to the semen that
is being used. Therefore, in similar routine procedures of timed AI programs consisting of
large herds, it seems more cautious to not exceed the number of six semen straws for simul‐
taneous thawing [28].

Similarly, Lee et al. [23] had previously reported that sequence of insemination may influence
conception rates when up to four straws were thawed at once. Although all inseminations (n
= 89) occurred within recommended time constraints (i.e., within the limit of 15 minutes
between thawing to AI), the loaded AI guns were exposed to direct solar radiation (in a tropical
environment; Hawaii) during transport from thawing-bath to cow. The data suggested that
the thermal insult might had reflected in a linear reduction in conception rates from the first
(48%) through the forth (25%) gun used in sequence [23].

Thus, an important consideration to be made is the possibility of a significant interaction
between ambient temperature and interval to semen deposition. According to Shepard
(unpublished; cited by [29]), an interaction of ambient temperature and interval to semen
deposition might occur due to extended thaw duration (>10 min) when ambient temperatures
are above 17°C, suggesting that higher environmental temperatures may be problematic to
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post-thaw fertility maintenance. In view of the fact that the studies of Lee et al. [23] and Oliveira
et al. [28] were performed during warm seasons of tropical (or subtropical) environments, it
can be suggested that greater sequences of insemination might compromise conception rates
when associated with the effects of higher ambient temperatures and/or solar exposure.

Given the above observations, even though that many factors related to semen quality might
influence AI outcomes, it is noteworthy that the use of high fertility bulls reduces the chances
of field fertility impairment. Hence, an adequate evaluation of semen quality may reduce the
effect of sire on reproductive outcomes, which is commonly observed in field trials. Thus, since
a proper prediction of bull fertility is increasingly required, we consider appropriate to review
the correlations between field fertility and in vitro sperm characteristics assessed by classical
and modern semen analyses.

3. Correlation between in vitro sperm characteristics and in vivo bull
fertility

Nowadays, many classical and modern methods have been used for laboratory assessment of
in vitro semen characteristics following cryopreservation with the main purpose of predicting
the fertility potential of a semen sample [11, 31-39].

Among the several sperm characteristics evaluated by laboratory techniques, sperm motility
[33,40,41], morphology [42,43] and plasma membrane integrity [11,35,36,38] are the most used
laboratory tests for assessing in vitro semen quality. However, the results of such assays do not
always correlate with the real fertility of a semen sample [12,44].

In this sense, the relationship of in vitro semen characteristics and in vivo sire fertility has been
the subject of much study [12,41,44,45-47]. Nevertheless, substantial variations are commonly
observed in different experiments and low correlations are usually detected when single in
vitro sperm characteristics are isolated compared to the field fertility [12,44]. Until now, the
most efficient and accurate method to estimate the fertility of a particular bull is to accomplish
the field fertility tests [44], which is very laborious, expensive and time consuming [46].

Alternatively, embryo culture techniques allow exploring in vitro bull fertility. The employ‐
ment of such techniques has provided interesting but contradictory results regarding corre‐
lations between embryo in vitro embryo production (IVP) and in vivo bull fertility. Although
positive correlations between IVP results and field fertility has been reported for some authors
[12,14,16, 17, 20,46,48], other studies did not confirm the positive high correlations between in
vitro fertilization (IVF) outcomes and in vivo fertility of evaluated sires [49,50,51]. However,
Sudano et al. [12] recently demonstrated that it is possible to estimate bull fertility based on
IVF outcomes, using a Bayesian statistical inference model.

Although interesting, it is still precipitated to ensure that the individual ability of fertilizing
oocytes in vitro is a useful parameter for predicting in vivo bull fertility following AI. Hence,
according to Ward et al. [20], a range of protocol variations among different IVP laboratories,
the low repeatability in the results, as well as the various factors that may affect IVP outcomes,
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(48%) through the forth (25%) gun used in sequence [23].
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Nowadays, many classical and modern methods have been used for laboratory assessment of
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laboratory tests for assessing in vitro semen quality. However, the results of such assays do not
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the subject of much study [12,41,44,45-47]. Nevertheless, substantial variations are commonly
observed in different experiments and low correlations are usually detected when single in
vitro sperm characteristics are isolated compared to the field fertility [12,44]. Until now, the
most efficient and accurate method to estimate the fertility of a particular bull is to accomplish
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lations between embryo in vitro embryo production (IVP) and in vivo bull fertility. Although
positive correlations between IVP results and field fertility has been reported for some authors
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Although interesting, it is still precipitated to ensure that the individual ability of fertilizing
oocytes in vitro is a useful parameter for predicting in vivo bull fertility following AI. Hence,
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the low repeatability in the results, as well as the various factors that may affect IVP outcomes,
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adds even more uncertainty if the in vitro ability for oocytes fertilization of a semen sample is
sufficient accurate for predicting the sire field fertility. Additionally, it is noteworthy that more
practical and/or simple laboratory techniques for assessing semen quality would be more
advantageous for AI industry than the employment of IVP procedures.

Correa et al.[11] observed that the total number of motile spermatozoa tended to be higher in
high fertility bulls. Farrell et al. [41] demonstrated that multiple combinations of motility sperm
variables obtained by Computer Assisted Semen Analysis (CASA) had higher correlations
with bull field fertility than single parameters evaluated separately. The authors observed that
the combination of Progressive Motility, ALH (amplitude of lateral sperm head displacement),
BCF (sperm beat cross frequency), and VAP (Average Path Velocity) presented high correla‐
tion value (r2 = 0.87) and that the combination of ALH, BCF, linearity, VAP and VSL (Straight-
Line Velocity) presented even higher correlation value (r2 = 0.98). Hence, it has been
demonstrated that sperm motility evaluations are important for the assessment of semen
quality, mainly when CASA is used for assessing semen motility patterns. This non-subjective
sperm analysis provides an opportunity to assess multiple characteristics on a large sample of
spermatozoa, which allows assessing several sperm motility parameters with high repeata‐
bility [33,41].

Even though that computer-based analysis provides high accuracy of in vitro motility evalu‐
ation [33,41], the assessment of different aspects related to sperm physiology may guarantee
better investigation of semen quality [38,52]. Changes in membrane architecture and sperm
compartment functionality may interfere with cellular competence and with the process of
fertilization. These changes can be monitored using fluorescent probes that are able to bind
and stain specific structures of the cell permitting a direct diagnosis [38]. Celeghini et al. [38,53]
reported an efficient and high-repeatability technique for simultaneous evaluation of the
integrity of plasma and acrosomal membranes, as well as mitochondrial function, using a
combination of the following probes: propidium iodide (PI), fluorescein isothiocyanate–Pisum
sativum agglutinin (FITC-PSA) and tetrachloro-tetraethylbenzimidazolcarbocyanine iodide
(JC-1) respectively.

Januskauskas et al. [35] found significant correlations between field fertility and plasma
membrane integrity assessed by PI. Conversely, Brito et al. [54] reported no significant
correlation between bovine in vitro fertilization (IVF) and plasma membrane integrity,
measured by Eosin/Negrosin staining, CFDA/PI, SYBR-14/PI and HOST (hypo-osmotic
swelling test). Nevertheless, Tartaglione and Ritta [36] demonstrated that the combination of
plasma membrane integrity and functional laboratory tests presented high correlation
coefficient with in vitro bull fertility. The authors demonstrated that combination of Eosin/
Negrosin staining test with HOST presented high correlation coefficient with in vitro fertility
outcomes. When sperm plasma and acrosomal membrane integrity results (assessed by
Trypam/Blue Giemsa staining) were included in the regression model, a higher correlation
coefficient was obtained. The authors emphasized that higher is the capacity for predicting
semen fertility when higher number of sperm evaluations is performed [36].

Another concern of semen fertility studies is the occurrence of sperm oxidative stress. Sper‐
matozoa are susceptible to oxidation of their plasma membranes due to the presence of
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polyunsaturated fatty acids [37]. Reactive oxygen species (ROS) may become cytotoxic through
damage to proteins, nucleic acids and membrane lipids, if ROS concentrations overcome the
natural defense mechanisms of the cell and extending medium [55]. Hence, since the high
production of ROS might cause damages to plasma membrane structure, it can impair sperm
function and motility [34,37]. A high degree of membrane lipid destabilization may lead to
functional capacitation, reducing the sperm lifespan and fertilizing capacity [56]. In this sense,
Hallap et al. [57] demonstrated that the amount of uncapacitated spermatozoa may provide
valuable information about frozen–thawed semen quality.

Although the molecular basis involving the whole process of sperm capacitation has not yet
been fully elucidated, it is recognized that sperm capacitation is a sequential event of bio‐
chemical alterations that involve numerous physiological changes. Some events related to the
beginning of capacitation process include the removal of peripheral membrane factors,
changes in membrane fluidity and in lipid composition [58,59]. Thus, the mammalian sperm
capacitation is associated with reorganization of plasma membrane due to phospholipids
redistribution of cholesterol removal [57]. Hence, the lipophilic probe Merocianina 540 may
be used to monitor the level of phospholipid bilayer disorder of plasma membrane. Using this
probe, the fluorescence intensity is increased with increasing membrane bilayer disorder,
which can be an indicative of initial sperm capacitation process. In laboratory studies, this
probe is commonly associated with the use of the probe Yo-Pro-1, which allows the simulta‐
neous analysis of plasma membrane integrity. This is due to the fact that Yo-Pro-1 is a specific
DNA probe with excitation and emission of fluorescence similar to the Merocianina 540
(around 540 nm) [57,58].

As stated above, oxidative stress is a recognized contributor to defective sperm function
[34,37,39,60].  Spermatozoa  is  very  susceptible  to  peroxidative  damage  because  of  their
high  cellular  content  of  polyunsaturated  fatty  acids  that  are  particularly  vulnerable  to
this  form  of  stress  [37].  Recently,  a  fluorescence  assay  using  the  fluorophore  4,4-di‐
fluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic  acid  (C11-
BODIPY581/591)  has  been  successfully  applied  for  detecting  lipid  peroxide  formation  in
living bovine sperm cells [34].  This assay relies on the sensitivity of C11-BODIPY581/591,  a
fluorescent  fatty  acid  conjugate,  which  readily  incorporates  into  biological  membranes
[60]. Upon exposure to ROS, the C11-BODIPY581/591 responds to free radical attack with an
irreversible shift in spectral emission from red to green that can be quantified by flow cy‐
tometry  [37,60].  Still,  it  is  noteworthy  that  the  negative  effect  of  some  ROS-generating
systems does not require lipid peroxidation to induce cytotoxic changes in spermatozoa.
In this sense,  Guthrie and Welch [61] observed that Menadione and H2O2 decreased the
percentage of motile sperm but had no effect on BODIPY oxidation.

In an interesting study, Kasimanickam et al. [39] reported that bull fertility was positively
correlated to plasma membrane integrity and progressive motility. According to the authors,
plasma membrane integrity significantly influenced the fertilizing capacity of a sire. Moreover,
the authors demonstrated that plasma membrane integrity and progressive motility were
negatively correlated to sperm lipid peroxidation and that lipid peroxidation and bull fertility
was also high negatively correlated. Bulls with higher sperm lipid peroxidation were more
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likely to have a high DNA fragmentation and low plasma membrane integrity. Also, these
bulls presented lower chances of siring calves [39]. These results are in accordance with
Zabludovsky et al. [62] which also had demonstrated negative correlations between lipid
peroxidation and IVF fertilization outcomes in humans.

It has frequently been reported that low-fertility bulls generally had high seminal content of
morphologically abnormal cells [63]. Sperm with classically misshapen heads did not access
the egg following AI since they do not traverse the female reproductive tract and/or participate
in fertilization [43]. Some geometrical alterations of head morphology can cause differences in
sperm hydrodynamics. According to [63], abnormal-shaped heads should be of primary
concern regarding male fertility. The recognition of uncompensable cells in the ejaculate is
currently best based on abnormal levels of sperm with misshapen heads [63].

Ostermeier et al. [32,64] also observed that some sperm morphometric variables were able to
detect small differences in sperm nuclear shape which seems to be related to sire fertility.
According to Beletti et al. [65], the application of computational image analysis for morpho‐
logical characterization allows the identification of minor morphometric alterations of sperm
head. However, little is known about the influence of such abnormalities on bull fertility.
Because mammalian sperm heads consist almost entirely of chromatin, even minor changes
in chromatin organization might affect sperm head shape. Nonetheless, morphological
alterations in sperm head are not always caused by alterations in chromatin condensation. In
the same way, chromatin abnormalities are not always followed by evident morphological
irregularities [32,65,66].

A number  of  methods  are  available  for  identifying  alterations  in  the  stability  of  sperm
chromatin. Sperm chromatin structure analysis (SCSA), currently the most used of these
methods,  is  based  on  a  flow  cytometric  evaluation  of  the  fluorescence  of  spermatozoa
stained  with  acridine  orange  [32,67].  Another  method  for  chromatin  evaluation  uses  a
cationic  dye,  toluidine  blue  (at  pH  4.0)  that  exhibits  metachromasy.  This  dye  binds  to
ionized phosphates in the DNA. In normal sperm chromatin, few dye molecules bind to
DNA; this result  in staining that varies from green to light blue.  Spermatozoa with less
compacted chromatin have more binding sites for the dye molecules, resulting in staining
that varies from dark blue to magenta [65].

Whereas human-based methods for assessing sperm parameters involve a high degree of
subjectivity in the visual analysis, computer-based methods for image processing and analysis
are currently available. It can provide a more objective evaluation of cell motility and sperm
morphological abnormalities, in addition to greater sensitivity, accuracy, speed and reprodu‐
cibility. Computational morphometric analysis of spermatozoa usually considers basic
measurements like the area, perimeter, length and width, as well as features derived from the
measurements, such as the width:length ratio, shape factor and others [68]. An interesting
approach is to use image analysis to characterize the sperm chromatin in smears stained with
toluidine blue which also allows a morphometric analysis to be done concomitantly with the
investigation of chromatin [65,69].
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An interesting study of [32] demonstrated that the average of sperm head shape identified to
be from high fertility bulls was more tapered and elongated (more elliptical) than the average
shape of sperm identified to be from low fertility bulls. In addition, the authors observed that
quantifying changes in sperm shape can be detected by Fourier parameters, which characterize
the curvilinear perimeter of sperm head using harmonic amplitudes to describe the sperm
nuclear shape. The relationship between sire fertility and Fourier parameters of sperm
morphometric analysis was investigated. It was observed that Fourier descriptors were able
to detect small differences in sperm nuclear shape from bulls with different fertility [32;64].
According to [63], the most promising method of quantifying changes in sperm head shape is
utilizing the Fourier harmonic amplitude analysis.

Acevedo et al. [70] reported that spermatogenic disturbance resulted in production of abnor‐
mal sperm and that sperm DNA vulnerability to acid denaturation was positively associated
with sperm having misshapen heads. This provided more support for the assertion that
occurrence of sperm with misshapen heads can signal chromatin abnormalities and potential
incompetence for fertilization of a semen sample [63]. Kasimanickam et al. [39] reported that
some deleterious effects of sperm lipid peroxidation are also related to impairment in sperm
DNA, which may also reduce bull fertilizing potential. The sires with high sperm DNA
fragmentation index presented lower sperm fertilization potential; whereas sires with lower
DNA fragmentation index presented higher chance of siring calves [39].

Besides the intense efforts from worldwide researchers, until now, no single laboratory test
has accurately predicted the real fertilizing capacity of a semen sample [52, 71]. Hence, in spite
of some interesting results of in vitro sperm characteristics, a notable consideration is the
importance of field trials when definitive conclusions are taken regarding semen fertility.

4. Conclusions and implications

Individual bulls may differ in their ability to fertilize oocytes and/or to develop to blastocyst
stages after in vitro and in vivo fertilization procedures. Hence, the success of bovine repro‐
ductive programs largely depends on the use of good quality semen. When only high fertility
bulls are used, better fertilization rates and reproductives outcomes are achieved, increasing
the reproductive efficiency and thus, reducing the costs of the programs.

The sequence of insemination after simultaneous thawing of multiple semen straws may
present different effect and/or relevance on fertility outcomes, depending on the sire that is
being used in the reproductive program. However, the reason why semen from some bulls
seems to be more susceptible and/or differently affected to specific procedures, semen
handling protocols, and/or environments remains to be further investigated. It is noteworthy,
though, that the use of different sires, semen extenders, thawing bath volumes, semen straw
volumes, AI technicians, semen handling procedures, number of AI guns utilized, ambient
conditions, farm management and cow categories, as well as the use of different laboratory
analyses, might generally influence the results obtained.
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Worth mentioning though, that when the correct semen handling recommendation is provid‐
ed, as well as the adequate cautious and/or proficiency of AI technician is assured, the sequence
of insemination is not likely to severely impact semen quality and reproductive performance
in AI programs. Thus, it is deemed reasonable to attempt to the fact that the care and concern
with semen storage and handling is essential to obtain satisfactory reproductive outcomes after
AI. In addition, greater attention should be directed to the simultaneous thawing of multiple
semen straws, especially when the thawing procedures do not include a thermostatically
controlled water-bath unit.

Even though that an in vitro semen assay for determining bull fertility would be of great benefit
to AI programs, it is unlikely that the evaluation of a single sperm characteristic may reflect
the real sperm fertilization capacity of a semen sample, considering the complexity of the
reproductive process.

In spite of the promising results reported above, until now, no single laboratory test was able
to accurately predict, with the required repeatability, the real fertilizing capacity of a sire.
Hence, potential bull fertility can be estimated from laboratory semen assessment with higher
accuracy when a combination of several in vitro sperm analysis is performed.

Still, further studies contributing to the understanding of seminal differences among bulls
that might be related to differences in fertility rates commonly observed in AI programs
must be encouraged.
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1. Introduction

Artificial  insemination in pig offers many advantages in swine production in terms of a
better disease control through semen quality control,  a diverse male genetic distribution
and an easiness of management.  It  is  accepted that in developing countries,  AI helps to
improve the genetic profile.  A number of sows can be inseminated using the same ejac‐
ulate  instead of  only  one  from natural  mating.  The  number  of  pig  farms using AI  has
increased  because  of  the  technical  improvement  of  semen  extenders  and  equipments,
and the technique can be performed on farm.  In  Thailand,  AI  in  commercial  pig farms
is  routinely  used as  a  standard protocol  in  pig  production.  The  results  obtained by  AI
are  quite  similar  or  higher  than  that  from natural.  Because  of  the  quality  of  insemina‐
tion  can  be  guaranteed  by  semen  testing  and  evaluation  before  insemination.  The  im‐
provement of semen quality can be acquired by feed supplement and semen freezing in
boar  can  be  used  to  genetic  conservation.  The  feed  supplement  improving  the  semen
quality  have  been  imperatively  used  in  the  boars  which  have  low  libido  and  low  se‐
men quality,  because these boars have been imported and are of  superior genetic  merit
and so are perceived to have great value to their owners who, therefore, are very reluc‐
tant  to  cull  them.  Moreover,  in  tropical  countries,  cryopreservation  of  boar  semen  is
nowadays performed in a limited scale and it  has yet to be conducted in Thailand par‐
ticularly for  the commercial  purpose.  Concerning this  point  and obtained benefit  in  the
future,  the  improvement  of  boar  semen  quality  by  feed  supplement  and  boar  semen
cryopreservation are reviewed in this chapter.

© 2013 Techakumphu et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



[67] Evenson DP, Larson KL, Jost LK. The sperm chromatin structure assay (SCSA): clinical
use for detecting sperm DNA fragmentation related to male infertility and comparisons
with other techniques. Journal of. Andrology 2002; 23: 25-43.

[68] Garrett C, Baker HW. A new fully automated system for the morphometric analysis of
human sperm heads. Fertility and Sterility 1995; 63: 1306-1317.

[69] Beletti ME, Costa LF. A systematic approach to multi-species sperm morphometrical
characterization. Analytical and Quantitative Cytology and Histology 2003; 25: 97–107.

[70] Acevedo NJ, Bame H, Kuehn LA, Hohenboken WD, Evenson DP, Saacke RG. Sperm
chromatin structure assay (SCSA) and sperm morphology. In: Proceedings of the 19th
Technical Conference on Artificial Insemination and Reproduction, National Associa‐
tion of Animal Breeders, Columbia, MO, p. 84–90, 2002.

[71] Arruda RP, de Andrade AFC, Peres KR, Raphael CF, Nascimento J, Celeghini ECC.
Biotécnicas aplicadas à avaliação do potencial de fertilidade do sêmen equino. Revista
Brasileira Reprodução Animal 2007, 31 (1) 8-16.

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed16

Chapter 2

Improvement of Semen Quality
by Feed Supplement and
Semen Cryopreservation in Swine

Mongkol Techakumphu, Kakanang Buranaamnuay,
Wichai Tantasuparuk and Nutthee Am-In

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51737

1. Introduction

Artificial  insemination in pig offers many advantages in swine production in terms of a
better disease control through semen quality control,  a diverse male genetic distribution
and an easiness of management.  It  is  accepted that in developing countries,  AI helps to
improve the genetic profile.  A number of sows can be inseminated using the same ejac‐
ulate  instead of  only  one  from natural  mating.  The  number  of  pig  farms using AI  has
increased  because  of  the  technical  improvement  of  semen  extenders  and  equipments,
and the technique can be performed on farm.  In  Thailand,  AI  in  commercial  pig farms
is  routinely  used as  a  standard protocol  in  pig  production.  The  results  obtained by  AI
are  quite  similar  or  higher  than  that  from natural.  Because  of  the  quality  of  insemina‐
tion  can  be  guaranteed  by  semen  testing  and  evaluation  before  insemination.  The  im‐
provement of semen quality can be acquired by feed supplement and semen freezing in
boar  can  be  used  to  genetic  conservation.  The  feed  supplement  improving  the  semen
quality  have  been  imperatively  used  in  the  boars  which  have  low  libido  and  low  se‐
men quality,  because these boars have been imported and are of  superior genetic  merit
and so are perceived to have great value to their owners who, therefore, are very reluc‐
tant  to  cull  them.  Moreover,  in  tropical  countries,  cryopreservation  of  boar  semen  is
nowadays performed in a limited scale and it  has yet to be conducted in Thailand par‐
ticularly for  the commercial  purpose.  Concerning this  point  and obtained benefit  in  the
future,  the  improvement  of  boar  semen  quality  by  feed  supplement  and  boar  semen
cryopreservation are reviewed in this chapter.

© 2013 Techakumphu et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



2. Feed supplement to increase boar semen quality

The semen quality depends on individual, breed, season, confinement and boar health. It
was found that the dietary supplements of antioxidants, vitamins and/or minerals can in‐
crease libido and semen characteristics in boars. Additions of antioxidants in seminal plas‐
ma or semen extender play an important role on boar semen storability. Semen with a
normal motility contains higher polyunsaturated fatty acids (PUFAs) in cell membrane has
that that having a low motility [1]. Short life span spermatozoa usually presented in low an‐
tioxidant condition resulting from the high lipid peroxidation of sperm plasma membrane.
Spermatozoa in low antioxidants of seminal plasma also show a lower sperm motility, via‐
bility and normal morphology than spermatozoa in normal seminal plasma (Table 1) [1,2].
The feed supplements were expected to improve the semen quality by increasing the num‐
ber of sperm per ejaculation, motility, viability and antioxidant in cell and seminal plasma.
However, it depends on the initial performance of the boar influencing on successfully im‐
proving semen quality. Therefore, the key roles of feed supplement containing the rich of
PUFAs, vitamins and minerals to improve the semen quality are increasing the antioxidant
to reduce the plasma membrane damages from ROS and increase the amount of PUFAs in
sperm plasma membrane that may increase the percentage of sperm motility and vitality.

3. Effect of Reactive Oxygen Species (ROS)

Boar sperm are highly sensitive to peroxidative damage due to the high content of unsatu‐
rated fatty acids in the phospholipids of the sperm plasma membrane [3,4] and the correla‐
tion of low antioxidant capacity of boar seminal plasma and lipid-peroxidation [5]. It has
been reported in sperm freezing of human [6], bull [7] and mouse [8] that is associated with
ROS level and oxidative stress. Moreover, the process of freezing and thawing bovine sper‐
matozoa can generate the ROS [9], DNA damage [10], cytoskeleton alterations [11], inhibi‐
tion of the sperm–oocyte fusion [12] and can affect the sperm axoneme that is influenced on
the sperm motility [13].

The lipid-peroxidation of membrane phospholipid bound docosahexaenoic acid (DHA) has
been presented as one of the major factors that limit the sperm motility in vitro. Semen sam‐
ples show high sperm variability in lifespan and, consequently, in susceptibility toward lip‐
id peroxidation. Therefore, it is postulated that there is also cell-to-cell variability in DHA
content in human spermatozoa and that the content of the main substrate of lipid peroxida‐
tion (DHA) is critical and highly regulated during the sperm maturation process. Several
studies have been performed to analyze the fatty acid content of germ cells and sperm at
different stages of maturation, including in vivo studies in animal models, and in vitro ap‐
proaches in human spermatozoa. One of the consequences of defective sperm maturation in
the seminiferous epithelium is the retention of residual cytoplasm. This residual cytoplasm,
which is attached to the midpiece and retronuclear area of the sperm head, has been shown
to produce high levels of reactive oxygen species (ROS) [14-16]. In addition, the membranes

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed18

enclosing the residual cytoplasm are enriched in polyunsaturated fatty acids such as DHA
[17,18]. The combination of high polyunsaturated fatty acid content and high ROS produc‐
tion in these immature sperm has been shown to lead to increased lipid peroxidation and
subsequent loss of sperm function [14,15]. ROS-mediated damage to human spermatozoa
was characterized in the early 1980s [19-24] and has been shown by many authors to be an
important factor in the pathogenesis of male infertility [14,25-27].

To a first approximation, the process of lipid peroxidation involves the initial abstraction of
a hydrogen atom from the bis-allylic methylene groups of polyunsaturated fatty acids,
mainly DHA, by molecular oxygen. This leads to molecular rearrangement to a conjugated
diene and addition of oxygen, resulting in the production of lipid peroxide radical. This per‐
oxyradical can now abstract a new hydrogen atom from an adjacent DHA molecule leading
to a chain reaction that ultimately results in lipid fragmentation and the production of malo‐
naldehyde and toxic shortchain alkanes (e.g., propane). These propagation reactions are
mediated by oxygen radicals. DHA is the major polyunsaturated fatty acid in sperm from a
number of mammalian species, including the human, accounting in this species for up to
30% of phospholipid-bound fatty acid and up to 73% of polyunsaturated fatty acids. At the
same time, DHA is the main substrate of lipid peroxidation, accounting for 90% of the over‐
all rate of lipid peroxidation in human spermatozoa [23,28].

Characteristics Normal motility Low motility

Sperm per ejaculate (×10 9) 88.6±41.7a 76.9±36.2a

Sperm motility, % 82.6±5.2a 30.6±12.8b

Sperm viability, % 86.7±5.8a 31.5±14.9b

Normal morphology, % 96.2±1.9a 85.1±4.9b

Normal plasma membrane, % 83.3±7.4a 15.7±7.5b

Total antioxidant status in seminal plasma (ng/ml) 1.54±0.35 a 0.80±0.56 b

Rows with different superscripts (a,b) differ P≤0.05 [1-2]

Table 1. Semen characteristics and antioxidant capacity in seminal plasma of boars having normal and low sperm
motility (means ± SD)

Lipid peroxidation has profound consequences in biological membranes. The generation of
the polar lipid peroxides ultimately results in the disruption of the membrane hydrophobic
packing, inactivation of glycolytic enzymes, damage of axonemal proteins (loss of motility),
acrosomal membrane damage, and DNA alterations [29,30]. Oxidation of phospholipid-
bound DHA has been shown to be the major factor that determines the motile lifespan of
sperm in vitro [6,31,32]. Three basic factors determine the overall rate of lipid peroxidation
of sperm in vitro: oxygen concentration and temperature in the medium (OXIDANT), the
presence of antioxidant defenses (ANTIOXIDANT), and the content of membrane-bound
DHA (SUBSTRATE). Thus, the higher the temperature and the concentration of oxygen in
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content in human spermatozoa and that the content of the main substrate of lipid peroxida‐
tion (DHA) is critical and highly regulated during the sperm maturation process. Several
studies have been performed to analyze the fatty acid content of germ cells and sperm at
different stages of maturation, including in vivo studies in animal models, and in vitro ap‐
proaches in human spermatozoa. One of the consequences of defective sperm maturation in
the seminiferous epithelium is the retention of residual cytoplasm. This residual cytoplasm,
which is attached to the midpiece and retronuclear area of the sperm head, has been shown
to produce high levels of reactive oxygen species (ROS) [14-16]. In addition, the membranes
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enclosing the residual cytoplasm are enriched in polyunsaturated fatty acids such as DHA
[17,18]. The combination of high polyunsaturated fatty acid content and high ROS produc‐
tion in these immature sperm has been shown to lead to increased lipid peroxidation and
subsequent loss of sperm function [14,15]. ROS-mediated damage to human spermatozoa
was characterized in the early 1980s [19-24] and has been shown by many authors to be an
important factor in the pathogenesis of male infertility [14,25-27].

To a first approximation, the process of lipid peroxidation involves the initial abstraction of
a hydrogen atom from the bis-allylic methylene groups of polyunsaturated fatty acids,
mainly DHA, by molecular oxygen. This leads to molecular rearrangement to a conjugated
diene and addition of oxygen, resulting in the production of lipid peroxide radical. This per‐
oxyradical can now abstract a new hydrogen atom from an adjacent DHA molecule leading
to a chain reaction that ultimately results in lipid fragmentation and the production of malo‐
naldehyde and toxic shortchain alkanes (e.g., propane). These propagation reactions are
mediated by oxygen radicals. DHA is the major polyunsaturated fatty acid in sperm from a
number of mammalian species, including the human, accounting in this species for up to
30% of phospholipid-bound fatty acid and up to 73% of polyunsaturated fatty acids. At the
same time, DHA is the main substrate of lipid peroxidation, accounting for 90% of the over‐
all rate of lipid peroxidation in human spermatozoa [23,28].

Characteristics Normal motility Low motility

Sperm per ejaculate (×10 9) 88.6±41.7a 76.9±36.2a

Sperm motility, % 82.6±5.2a 30.6±12.8b

Sperm viability, % 86.7±5.8a 31.5±14.9b

Normal morphology, % 96.2±1.9a 85.1±4.9b

Normal plasma membrane, % 83.3±7.4a 15.7±7.5b

Total antioxidant status in seminal plasma (ng/ml) 1.54±0.35 a 0.80±0.56 b

Rows with different superscripts (a,b) differ P≤0.05 [1-2]

Table 1. Semen characteristics and antioxidant capacity in seminal plasma of boars having normal and low sperm
motility (means ± SD)

Lipid peroxidation has profound consequences in biological membranes. The generation of
the polar lipid peroxides ultimately results in the disruption of the membrane hydrophobic
packing, inactivation of glycolytic enzymes, damage of axonemal proteins (loss of motility),
acrosomal membrane damage, and DNA alterations [29,30]. Oxidation of phospholipid-
bound DHA has been shown to be the major factor that determines the motile lifespan of
sperm in vitro [6,31,32]. Three basic factors determine the overall rate of lipid peroxidation
of sperm in vitro: oxygen concentration and temperature in the medium (OXIDANT), the
presence of antioxidant defenses (ANTIOXIDANT), and the content of membrane-bound
DHA (SUBSTRATE). Thus, the higher the temperature and the concentration of oxygen in
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solution, the higher the rate of lipid peroxidation as measured by malonaldehyde produc‐
tion [24]. In boar, total antioxidant in seminal plasma relates to percentage of normal sperm
morphology and plasma membrane. The low storability semen has presented the high plas‐
ma membrane damage from ROS, which was resulted from low amount of antioxidant in
seminal plasma [2]. Moreover, the semen which having poor normal sperm morphology has
shown the low level of antioxidant in seminal plasma (Table 1) [1].

The balance between these key factors determines the overall rate of peroxidation in vitro. In
this system, the substrate seems to play a key role. The main substrates for lipid peroxida‐
tion are polyunsaturated fatty acids, especially docosahexaenoic acid.

4. Effect of vitamins and minerals

The glutathione peroxidase is main intracellular antioxidant enzyme that catalyses to reduce
the hydrogen peroxide and organic hydroperoxides to nontoxic metabolized compounds.
The essential component of this enzyme is selenium. Vitamin E or alpha-tocopherol is the
dominant antioxidant in cell plasma membranes. Many researches have shown a synergism
of antioxidant activity between selenium in glutathione peroxidase and vitamin E. The ef‐
fects of selenium supplementation on semen quality were more reported than the effects of
vitamin E supplementation, and selenium supplementation improved in higher conception
rates when gilts were serviced with extended semen from the boars [33]. However, feed ad‐
ditive on boar diet with high levels of vitamin C had no effects on semen quality or libido
characteristics in healthy boars. U.S. Food and Drug Administration (FDA) regulations al‐
low up to 136 g of selenium add on/pound of feed for pigs.

Vitamin C or ascorbic acids are a dominant water-soluble antioxidant. Their action is scav‐
enger to disable the function of any type ROS. Vitamin C is a powerful source of electron
donor which reacts with hydroxyl radicals, peroxide and superoxide to form de-hydroxyl
ascorbic acid. The level of ascorbic acid in seminal plasma is approximately 10-fold higher
concentration comparing with blood plasma in human [30,34]. The level of ascorbic acid in
seminal plasma has a positively correlation with the percentage of normal [35].

5. Effect of Polyunsaturated Fatty Acids (PUFAs)

Linoleic acid or omega-6 fatty acid is the only FA for which NRC has established require‐
ments at least 0.1% of diet for sexually active boars. However, the effect of various fatty
acids (FAs) top on diet, particularly the omega-3 fatty acids, on semen quality and libido
characteristics in boars are more interesting. Nowadays, there are 3 types of omega-3 fatty
acids that are linolenic, eicosapentaenoic (EPA) and docosahexaenoic (DHA). The boar feed
commonly consist of the large amounts of crops, with source of protein added in the form of
soya-bean, fish powder, bone powder, etc. Thus, dietary fatty acids have a (n-6):(n-3) normal
ratio of greater than 6:1 and do not contain long chain n-3 PUFAs. If 22:6(n-3) is essential for
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optimal fertility in pig spermatozoa, as being in human sperm [28,36,37], then it is possible
that supplement 22:6(n-3) PUFAs on boar diets to improve the spermatogenesis. This sup‐
plementation may increase from either a deficit of (n-3) fatty acids or an increasing synthesis
of 22:6(n-3) from 18:3(n-3) to competition between (n-6) and (n-3) fatty acids [38]. The tuna
oil supplementing on the boar diet can increase the percentages of sperm cells with progres‐
sive motility, the proportion of live sperm, normal acrosome head, and normal morphology
[39]. It was found that boars fed withcommercially available product containing DHA, vita‐
min E and selenium (PROSPERM®, Minitube America, Inc., Minneapolis, MN) for 16 weeks
had a higher sperm concentration, number of sperm/ejaculate, and sperm motility compar‐
ing with control group [40]. In many experiments, 8-week period was used as the control
period because spermatogenesis in boars requires 34–39 d and epididymal transport in‐
volves another 9–12 d [41]. It is not surprising that a 7–8 week period may be necessary after
dietary supplementation [40,42].

6. Boar semen cryopreservation

The research on semen cryopreservation in boar is limited even though the procedures have
been studied during the past 60 years [43-47]. The advantages for development of frozen se‐
men include the preservation of the good genetic resource, the distribution of superior ge‐
netic boars, and the improvement of the transportation of sperm across countries [48].
However, the utilization of frozen-thawed (FT) semen prepared for artificial insemination
(AI) at present is estimated to be less than 1% of all insemination worldwide. The most im‐
portant reasons are the poor sperm quality after cryopreservation and a lower fertilizing ca‐
pacity of FT semen, when used for conventional AI compared to fresh semen. Poor sperm
quality frequently found in FT boar semen is partly due to a high sensitivity of the boar
sperm to rapid cooling to a few degrees above 0C, the so-called “cold shock”, which the
sperm have to traverse during cryopreservation process. This is evidenced by the loss of via‐
ble sperm and by more capacitation-like changes in the viable sperm [49]. These changes re‐
sult in a shorter survival time of the FT sperm in the female genital tract in comparison to its
fresh and liquid-preserved counterparts [50,51].

7. Factors affecting the success of boar semen cryopreservation

Boar semen differs in several respects from the semen of other domestic animals. It is pro‐
duced in large volume (200 to 250 ml) and is extremely sensitive to cold shock. The success
of freezing boar semen depends on both internal and external factors. Internal factors in‐
clude the inherent characteristics of sperm and the existing differences among boars and
ejaculates, while external factors are composed of the composition of the extenders, freezing
packages, and the method of freezing and thawing of the semen, for example [48].
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ma membrane damage from ROS, which was resulted from low amount of antioxidant in
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the hydrogen peroxide and organic hydroperoxides to nontoxic metabolized compounds.
The essential component of this enzyme is selenium. Vitamin E or alpha-tocopherol is the
dominant antioxidant in cell plasma membranes. Many researches have shown a synergism
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fects of selenium supplementation on semen quality were more reported than the effects of
vitamin E supplementation, and selenium supplementation improved in higher conception
rates when gilts were serviced with extended semen from the boars [33]. However, feed ad‐
ditive on boar diet with high levels of vitamin C had no effects on semen quality or libido
characteristics in healthy boars. U.S. Food and Drug Administration (FDA) regulations al‐
low up to 136 g of selenium add on/pound of feed for pigs.

Vitamin C or ascorbic acids are a dominant water-soluble antioxidant. Their action is scav‐
enger to disable the function of any type ROS. Vitamin C is a powerful source of electron
donor which reacts with hydroxyl radicals, peroxide and superoxide to form de-hydroxyl
ascorbic acid. The level of ascorbic acid in seminal plasma is approximately 10-fold higher
concentration comparing with blood plasma in human [30,34]. The level of ascorbic acid in
seminal plasma has a positively correlation with the percentage of normal [35].

5. Effect of Polyunsaturated Fatty Acids (PUFAs)

Linoleic acid or omega-6 fatty acid is the only FA for which NRC has established require‐
ments at least 0.1% of diet for sexually active boars. However, the effect of various fatty
acids (FAs) top on diet, particularly the omega-3 fatty acids, on semen quality and libido
characteristics in boars are more interesting. Nowadays, there are 3 types of omega-3 fatty
acids that are linolenic, eicosapentaenoic (EPA) and docosahexaenoic (DHA). The boar feed
commonly consist of the large amounts of crops, with source of protein added in the form of
soya-bean, fish powder, bone powder, etc. Thus, dietary fatty acids have a (n-6):(n-3) normal
ratio of greater than 6:1 and do not contain long chain n-3 PUFAs. If 22:6(n-3) is essential for
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optimal fertility in pig spermatozoa, as being in human sperm [28,36,37], then it is possible
that supplement 22:6(n-3) PUFAs on boar diets to improve the spermatogenesis. This sup‐
plementation may increase from either a deficit of (n-3) fatty acids or an increasing synthesis
of 22:6(n-3) from 18:3(n-3) to competition between (n-6) and (n-3) fatty acids [38]. The tuna
oil supplementing on the boar diet can increase the percentages of sperm cells with progres‐
sive motility, the proportion of live sperm, normal acrosome head, and normal morphology
[39]. It was found that boars fed withcommercially available product containing DHA, vita‐
min E and selenium (PROSPERM®, Minitube America, Inc., Minneapolis, MN) for 16 weeks
had a higher sperm concentration, number of sperm/ejaculate, and sperm motility compar‐
ing with control group [40]. In many experiments, 8-week period was used as the control
period because spermatogenesis in boars requires 34–39 d and epididymal transport in‐
volves another 9–12 d [41]. It is not surprising that a 7–8 week period may be necessary after
dietary supplementation [40,42].

6. Boar semen cryopreservation

The research on semen cryopreservation in boar is limited even though the procedures have
been studied during the past 60 years [43-47]. The advantages for development of frozen se‐
men include the preservation of the good genetic resource, the distribution of superior ge‐
netic boars, and the improvement of the transportation of sperm across countries [48].
However, the utilization of frozen-thawed (FT) semen prepared for artificial insemination
(AI) at present is estimated to be less than 1% of all insemination worldwide. The most im‐
portant reasons are the poor sperm quality after cryopreservation and a lower fertilizing ca‐
pacity of FT semen, when used for conventional AI compared to fresh semen. Poor sperm
quality frequently found in FT boar semen is partly due to a high sensitivity of the boar
sperm to rapid cooling to a few degrees above 0C, the so-called “cold shock”, which the
sperm have to traverse during cryopreservation process. This is evidenced by the loss of via‐
ble sperm and by more capacitation-like changes in the viable sperm [49]. These changes re‐
sult in a shorter survival time of the FT sperm in the female genital tract in comparison to its
fresh and liquid-preserved counterparts [50,51].

7. Factors affecting the success of boar semen cryopreservation

Boar semen differs in several respects from the semen of other domestic animals. It is pro‐
duced in large volume (200 to 250 ml) and is extremely sensitive to cold shock. The success
of freezing boar semen depends on both internal and external factors. Internal factors in‐
clude the inherent characteristics of sperm and the existing differences among boars and
ejaculates, while external factors are composed of the composition of the extenders, freezing
packages, and the method of freezing and thawing of the semen, for example [48].
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8. The semen donors

Variation between individuals in the extent to which their sperm are damaged by freeze-
thawing has been reports in many species including pig [52-55]. For instance, some study
assigned individual boars into good, average and poor freezability groups on the basis of
their post-thaw sperm viability using a system of multivariate pattern analysis, and suggest‐
ed that cryosurvival of the sperm was not necessarily related to the observed quality of the
semen sample. In addition to inter-animal variation, intra-animal variation such as differ‐
ence between ejaculate fractions has also been described as a source of difference in boar
sperm freezability [56,57]. Some researcher found that sperm present in the first 10 ml of the
sperm-rich fraction (portion I) better sustain cooling and freeze-thawing compared to those
present in the rest of the ejaculate (portion II) [56]. These differences were manifested by
motility patterns, the maintenance of membrane integrity and capacitation-like changes of
sperm after thawing. However, variation between ejaculate fractions is dependent of indi‐
vidual boars, with some boars differing in the ability of the two ejaculate portions to sustain
cryopreservation, while in other boars such differences were not detected [57]. The mecha‐
nisms underlying differences in cryosensitivity between different individuals and different
ejaculate portions have yet to be elucidated, but there is some evidence for physiological dif‐
ferences between sperm from individual boars. Harrison and co-workers demonstrated that
the stimulatory effects of bicarbonate on the process of capacitation differ among individual
boars [58]. Also, the existence of differences in seminal plasma composition and sperm mor‐
phology has been hypothesized as a possible explanation for the distinct ability of different
boars and different ejaculate portions to sustain cryopreservation [59,60]. In general, boar
sperm heads present in portion I were significantly shorter and wider than those present in
portion II, detected by using computer-assisted sperm head morphometry analysis (ASMA)
[57]. It has been hypothesized that such differences could be genetic in origin. Thurston and
co-workers using Amplified fragment length polymorphism (AFLP) technology to analyze
genome of 22 Yorkshire (Y) boars indicated that 16 candidate genetic markers linked to
genes controlling sperm freezability and these genomes varied among individual boars.
Consequently, they may be useful for the prediction of both post-thaw semen quality and
fertility of individual boars [55].

9. The composition of freezing extenders

A number of substances have been added to boar semen during cryopreservation in order to
improve FT sperm quality. It has been investigated that egg yolk added to boar semen could
protect sperm acrosomes during cold shock and hence reduce cryodamage of FT boar sperm
[61]. Protection has been claimed to be due to both phospholipids and the low density lipo‐
protein fraction in egg yolk [62,63]. The mechanism of action is unclear but could be mediat‐
ed by either a less intense cellular dehydration or by stabilization of the sperm plasma
membrane [51].
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Cryoprotective agents (CPAs) have been divided into those that penetrate the cell and those
which remain extracellular. Glycerol considered as penetrating agents and other non-pene‐
trating agents such as various sugars have been evaluated for cryoprotective effect in boar
sperm [64,65]. Glycerol in low concentrations (3 to 4%) has been utilized in various techni‐
ques of sperm cryopreservation [47,66]. At these concentrations, glycerol gives maximum
post-thaw viability and also in vitro fertilizing capacity of sperm [43]. Both post-thaw motili‐
ty and acrosome integrity of boar sperm would be decreased when glycerol concentration
reached 5%. Glycerol and other penetrating agents could improve FT sperm survival by
penetrating sperm and reduce the shrinkage of the cells developed during cooling [8]. They
could also lower the freezing point of extra-cellular fluid via action of non-penetrating CPAs
[67]. Therefore, the damage of sperm from the formation of intracellular ice occurred during
freezing is reduced.

The success of the boar sperm cryopreservation was dramatically increased when the deter‐
gent Sodium Dodecyl Sulphate (SDS; later known as Equex STM paste) was included in the
cryopreservation protocol [68,69]. The addition of SDS to semen extenders decreases freeze-
thaw damage to sperm in several species, including boar [70-72]. Pursel and co-workers stat‐
ed that the use of 0.5% Orvus Es Paste, a commercial preparation of SDS, in the BF5
extender significantly enhanced the preservation of fertilizing capacity concomitant with an
increase in post-thaw percentages of normal acrosome morphology and motility of boar
sperm [69]. The beneficial effect of SDS on the sperm membrane is not fully understood, but
it has been suggested that its protective effect is mediated through a change in the extending
medium, by solubilization of the protective lipids in the egg yolk contained in the extenders.
This effect enhanced the cold shock resistance of sperm [73,74]

10. Freezing packages

Boar sperm have been frozen in many forms of packages. Pellet, a form of freezing bull se‐
men on dry ice, was adapted to freeze boar semen and first reported as in [47]. Boar sperm
have also been frozen in 5-ml maxi-, 0.5-ml medium- and 0.25-ml mini-straws, as well as dif‐
ferent types of 5-ml flat plastic bags [67,75]. All package forms have their own advantages
and drawbacks. The 5-ml maxi-straw contains one insemination dose but has a relatively
small surface-to-volume ratio, which constrains optimal freezing and thawing throughout
the sample. The plastic bags allow even more homogeneous freezing and thawing and also
contain a whole insemination dose, but they are not suited for storage in standard liquid ni‐
trogen containers, and therefore are not in commercial use [71]. Pellets and the small straws
(0.25- and 0.5-ml straws) have a cryobiologically suitable shape with a large surface-to-vol‐
ume ratio; thus theoretically, FT sperm in pellets and small straws are less damaged than
those in maxi-straws [76,77]. However, with pellets, there are difficulty in the identification
of the doses and a risk of cross-contamination during storage, and the thawing procedure is
rather complicated as well [71]. Also, the small packages could contain relatively few sperm
such as 250 to 500 x106 sperm per straw, which are not enough for a single dose of conven‐
tional AI in pigs. Eriksson and Rodriguez- Martinez developed a new flat plastic container
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present in the rest of the ejaculate (portion II) [56]. These differences were manifested by
motility patterns, the maintenance of membrane integrity and capacitation-like changes of
sperm after thawing. However, variation between ejaculate fractions is dependent of indi‐
vidual boars, with some boars differing in the ability of the two ejaculate portions to sustain
cryopreservation, while in other boars such differences were not detected [57]. The mecha‐
nisms underlying differences in cryosensitivity between different individuals and different
ejaculate portions have yet to be elucidated, but there is some evidence for physiological dif‐
ferences between sperm from individual boars. Harrison and co-workers demonstrated that
the stimulatory effects of bicarbonate on the process of capacitation differ among individual
boars [58]. Also, the existence of differences in seminal plasma composition and sperm mor‐
phology has been hypothesized as a possible explanation for the distinct ability of different
boars and different ejaculate portions to sustain cryopreservation [59,60]. In general, boar
sperm heads present in portion I were significantly shorter and wider than those present in
portion II, detected by using computer-assisted sperm head morphometry analysis (ASMA)
[57]. It has been hypothesized that such differences could be genetic in origin. Thurston and
co-workers using Amplified fragment length polymorphism (AFLP) technology to analyze
genome of 22 Yorkshire (Y) boars indicated that 16 candidate genetic markers linked to
genes controlling sperm freezability and these genomes varied among individual boars.
Consequently, they may be useful for the prediction of both post-thaw semen quality and
fertility of individual boars [55].

9. The composition of freezing extenders

A number of substances have been added to boar semen during cryopreservation in order to
improve FT sperm quality. It has been investigated that egg yolk added to boar semen could
protect sperm acrosomes during cold shock and hence reduce cryodamage of FT boar sperm
[61]. Protection has been claimed to be due to both phospholipids and the low density lipo‐
protein fraction in egg yolk [62,63]. The mechanism of action is unclear but could be mediat‐
ed by either a less intense cellular dehydration or by stabilization of the sperm plasma
membrane [51].
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sperm [64,65]. Glycerol in low concentrations (3 to 4%) has been utilized in various techni‐
ques of sperm cryopreservation [47,66]. At these concentrations, glycerol gives maximum
post-thaw viability and also in vitro fertilizing capacity of sperm [43]. Both post-thaw motili‐
ty and acrosome integrity of boar sperm would be decreased when glycerol concentration
reached 5%. Glycerol and other penetrating agents could improve FT sperm survival by
penetrating sperm and reduce the shrinkage of the cells developed during cooling [8]. They
could also lower the freezing point of extra-cellular fluid via action of non-penetrating CPAs
[67]. Therefore, the damage of sperm from the formation of intracellular ice occurred during
freezing is reduced.

The success of the boar sperm cryopreservation was dramatically increased when the deter‐
gent Sodium Dodecyl Sulphate (SDS; later known as Equex STM paste) was included in the
cryopreservation protocol [68,69]. The addition of SDS to semen extenders decreases freeze-
thaw damage to sperm in several species, including boar [70-72]. Pursel and co-workers stat‐
ed that the use of 0.5% Orvus Es Paste, a commercial preparation of SDS, in the BF5
extender significantly enhanced the preservation of fertilizing capacity concomitant with an
increase in post-thaw percentages of normal acrosome morphology and motility of boar
sperm [69]. The beneficial effect of SDS on the sperm membrane is not fully understood, but
it has been suggested that its protective effect is mediated through a change in the extending
medium, by solubilization of the protective lipids in the egg yolk contained in the extenders.
This effect enhanced the cold shock resistance of sperm [73,74]

10. Freezing packages

Boar sperm have been frozen in many forms of packages. Pellet, a form of freezing bull se‐
men on dry ice, was adapted to freeze boar semen and first reported as in [47]. Boar sperm
have also been frozen in 5-ml maxi-, 0.5-ml medium- and 0.25-ml mini-straws, as well as dif‐
ferent types of 5-ml flat plastic bags [67,75]. All package forms have their own advantages
and drawbacks. The 5-ml maxi-straw contains one insemination dose but has a relatively
small surface-to-volume ratio, which constrains optimal freezing and thawing throughout
the sample. The plastic bags allow even more homogeneous freezing and thawing and also
contain a whole insemination dose, but they are not suited for storage in standard liquid ni‐
trogen containers, and therefore are not in commercial use [71]. Pellets and the small straws
(0.25- and 0.5-ml straws) have a cryobiologically suitable shape with a large surface-to-vol‐
ume ratio; thus theoretically, FT sperm in pellets and small straws are less damaged than
those in maxi-straws [76,77]. However, with pellets, there are difficulty in the identification
of the doses and a risk of cross-contamination during storage, and the thawing procedure is
rather complicated as well [71]. Also, the small packages could contain relatively few sperm
such as 250 to 500 x106 sperm per straw, which are not enough for a single dose of conven‐
tional AI in pigs. Eriksson and Rodriguez- Martinez developed a new flat plastic container
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(the FlatPack®) for freezing boar semen. This package could contain a complete insemination
dose, allows a quick and uniform freezing and thawing due to its large surface-to-volume
ratio, and fits into any conventional liquid nitrogen container. Nonetheless, insemination
with large numbers of sperm, such as 5 to 6x109 sperm per dose, reduces the number of AI
doses per ejaculate. Achieving successful AI with fewer sperm is more important if using
boars of superior genetic merit [71].

Fertility after transcervial deep AI of FT boar semen.

11. Conventional AI in pigs

Three techniques of AI can be performed by conventional, intrauterine and deep intrauter‐
ine. The conventional AI is commen in fresh semen practice, while intrauterine with a re‐
duce concentration of semen is increasing with a satisifying result. The deep intrauterine
insemination is used for special kind of semen such as frozen semen or sexed semen with a
reduce and semen can be deposited near the junction of uterine-oviductal junction.

Conventional AI in domestic pigs is practiced with doses of approximately 3x109 sperm ex‐
tended to a volume of 80 to 100 ml. Semen doses are stored at temperatures ranging 16 to
20°C, usually for up to 3 days in simple extenders, but longer when using other extenders
[78,79]. The semen is deposited into the posterior region of the cervix by using a disposable,
often an intra-cervical, catheter whose tip stimulates the corkscrew shape of the boar penis
and engages with the posterior folds of the cervix as it occurs during natural mating. In gen‐
eral, the AI process starts 12 h after detection of standing estrus and it is repeated every 12
to 18 h until standing estrus is no longer shown. When proper detection of estrus is per‐
formed, the farrowing rate (FR) and litter size (LS) are comparable with those achieved by
natural mating, reaching over 90% of FR and mean LS of 14 piglets [80].

12. Use of FT semen in porcine AI

Contrary to what occurs in cattle, where FT semen is routinely used for AI [81], cryopre‐
served boar semen is used in less than 1% of the AIs performed around the world. The rea‐
sons behind this restricted use of FT boar semen are the low survivability of sperm after the
freeze-thawing process and the shorter lifespan of the surviving sperm. These result in low‐
er FR and small LS compared with AI using semen preserved in liquid form [48]. Further‐
more, owing to the restricted lifespan of the FT boar sperm, excessive sperm numbers are
used often 5 to 6 x109 sperm per dose. Moreover, at least two AIs are usually performed per
estrus in order to reach acceptable fertility rates in the field [82]. Altogether, few doses can
be obtained from a single ejaculate and too many sperm are used to ensure fertilization. A
decrease in the number of sperm per dose is therefore required to improve the use of ejacu‐
lates, so that the production will be cheaper and the use of genetically superior sires more
effective.
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13. Transcervical deep AI

Although few sperm are required for fertilization within the oviduct, this reduced number is
the product of a sequential and very effective reduction along the process of sperm trans‐
port in the female reproductive tract (i.e., 25 to 40% of inseminated sperm are lost with the
backflow and 50% of the rest of the sperm are ingested by leukocytes in the uterus; Matthijs
et al., 2003). The problem to be overcome during AI is to get an adequate number of sperm
to the uterotubal junction (UTJ) that could ensure the establishment of the functional sperm
reservoir with enough viable, potentially-fertile sperm to ensure maximal fertilization. One
strategy proposed to accomplish this is to decrease the number of sperm per AI-dose, by de‐
positing the semen directly in the uterus, and get sufficient sperm into the UTJ. Such deep
AI with reduced sperm numbers is a relatively new reproductive practice that has attracted
the attention of the swine industry. Such a method could also be advantageous for the
spreading of AI with FT semen.

There  are  basically  two non-surgical  procedures  for  depositing  sperm into  the  pig  ute‐
rus.  These  include  semen  deposition  either  in  the  uterine  body  [49,75,83]  or  into  the
uterine horn [84,85].

Intra-uterine insemination (IUI) (Figure 1a)
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Figure 1. Sperm can be deposited in different procedures: (a) intra-uterine insemination (IUI) and (b) deep intra-ute‐
rine insemination (DIUI)

A non-traumatic transcervical catheter that allows an easy penetration of the cervix and dep‐
osition of semen in the uterine body of the sow has been designed. Briefly, a conventional
catheter (outer catheter) is placed toward and locked into the cervix. An inner tube (around
4 mm outer diameter) is passed through the outer catheter, along the cervical lumen, to
reach the uterine body or the posterior part of one of the uterine horns (about 200 mm be‐
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yond the tip of the outer catheter). The IUI catheter can be used with minimal training and it
does not seriously delay the process of insemination, although it can only be safely used in
sows [83]. Under commercial conditions, use of the IUI catheter with extended fresh semen
can reduce sperm numbers to 1x109 sperm per insemination dose and results in a compara‐
ble effect on both FR and LS (89% FR and 12 LS) compared with 91% FR and 12.5 LS after
conventional AI with 3x109 sperm. However, in the field trials carried out by references
[86,87], FR were similar between IUI with 1x109 sperm and conventional AI with 3x109

sperm, but IUI sows had significantly less piglets born per litter (1.5 to 2 smaller LS). The
reasons for the loss in LS have not been clarified. Rozeboom and co-workers suggested that
several factors such as aged sperm, improper semen handling or insemination-ovulation in‐
terval can cause decreases in reproductive performances when low numbers of sperm are
used, and in order to obtain consistently high fertility results, a slightly higher number of
sperm should be considered.

14. Deep intra-uterine insemination (DIUI) (Figure 1b)

Non-surgical DIUI has been performed in non-sedated pigs using a flexible fiber optic endo‐
scope (1.35 m length, 3.3 mm outer diameter) inserted via the vagina and cervix to reach the
upper segment of one uterine horn [84]. The procedure required 3 to 5 min in 90% of the
females. After this DIUI, only 1% of the sows showed signs of uterine infection. However,
the endoscope is a highly expensive instrument and unpractical for routine use. A flexible
catheter was therefore developed on the basis of the propulsion force and flexibility of the
fibro-endoscope [85]. The method allows deposition of low sperm doses of either fresh or FT
sperm. Moreover, the technology can be successfully used to produce piglets with sex-sort‐
ed sperm [88], or for embryo transfer [89].

Using fresh semen, FR and LS were not statistically different between DIUI with 150x106

sperm per dose and conventional AI with 3x109 sperm, ranging from 83 to 87% FR and 9.2 to
10.4 LS [88]. Nonetheless, LS was always lowest in the DIUI sows. Similarly, although no
differences in FR were found (83% and 90% for DIUI and conventional AI, respectively),
DIUI sows had less LS (10.5 and 12.9, respectively). The low LS achieved in the DIUI sows
inseminated with 150x106 sperm probably resulted from the high incidence of unilateral or
incomplete bilateral fertilization, and could be overcome by increasing the number of in‐
seminated sperm to 600x106 sperm per dose [90]. On the other hand, when a single DIUI
with 150x106 sperm was performed in hormonally induced ovulating sows, both FR and LS
of DIUI sows (83% and 9.7) were not different from those of conventional AI sows (83% and
10) [85]. When FT semen (1x109 sperm per dose) was used for DIUI, promising results were
obtained. With hormonally induced ovulation and a single DIUI, the FR was 77.5% and LS
was 9.3, while with spontaneous ovulation and two DIUIs, the FR was 70% and LS was 9.3.
The lower fertility obtained in the latter group resulted from the suboptimal insemination-
ovulation period [91]. Bolarin and staff working with spontaneously ovulating sows (n=407)
obtained FR of over 80% and about 10 piglets born per litter when two DIUIs, at 6 h interval,
with only 1x109 FT sperm per dose were conducted at the peri-ovulatory period [92]. It has
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been suggested that DIUI should be carried out ≤ 8 h before spontaneous ovulation when FT
sperm are used [93].

15. Boar semen cryopreservation, experiences in Thailand

In tropical countries including Thailand, cryopreservation of boar semen is nowadays per‐
formed in a very limited scale and it has yet to be conducted for the commercial purpose.
Our studies undertaken between 2004 and 2009 therefore aimed to develop boar semen cry‐
opreservation in Thailand. Effects of straw volume, Equex STM paste added to a freezing
extender and of the individual differences on boar sperm quality after cryopreservation
were investigated. In addition, in vivo fertility results such as fertilization rate, FR and LS of
FT boar semen after DIUI and IUI in multiparous sows were evaluated.

Using a lactose-egg yolk extender with 9% glycerol as a freezing extender of boar semen, it
was demonstrated that after thawing the motility, viability and NAR of sperm evaluated
with conventional methods were improved when 1.5% Equex STM paste was added into the
freezing media [94]. This finding confirms beneficial effects of the detergent on preventing/
diminishing cell damage during the freeze-thawing process [68,95]. Equex STM paste im‐
proves post-thaw survival of sperm by acting as a surfactant to stabilize cell membranes,
particularly acrosomal membranes, and to protect sperm against the toxic effects of glycerol
during cryopreservation [73]. However, since the positive effects of this substance are only
observed in the present of egg yolk in the semen extender, it is suggested that Equex STM
paste exerts its beneficial action through the alteration of low-density lipoproteins in egg
yolk rather than directly affects sperm membranes [69].

In theory, post-thaw sperm loaded in 0.5-ml straws which have smaller surface-to-volume
ratio should not have a better quality than those in 0.25-ml straws. Nevertheless, based on
the results of 12 ejaculates from 4 boars evaluated in our study [94], the viability and normal
morphology of FT sperm packaged in 0.5-ml straws were superior to those in 0.25-ml straws
despite being frozen and thawed with their own optimal protocols. The reason behind this is
unknown, but it is interesting that similar results have also been observed in dog semen
[96]. Therefore, in order to find the reason and draw conclusions with boar sperm, more in‐
vestigations in this aspect might have to be performed.

With regard to effect of individual variations on the FT sperm quality, 45 ejaculates of 15
boars from three breeds (Landrace (L), Y and Duroc (D); 5 boars each) were studied [97]. It
was found that the breed of boar and the individual boars within the same breed significant‐
ly influenced most of the FT sperm parameters evaluated. For instance, the post-thaw sperm
viability in D and L boars was significantly higher than Y boars. The motility and the normal
morphology of FT sperm were lowest in Y boars. L boars seemed to have the most varia‐
tions in many of the FT sperm parameters. The difference in sperm quality among individu‐
al boars that was found in our study was in agreement with previous findings [52,98],
suggesting that such individual variation may be correlated with difference in physiological
characteristic of the sperm plasma membrane among boars. Additionally, the genomic dif‐
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ferences between individual boars may be responsible for freezability and post-thaw quality
of their sperm [55].

Cervical AI with FT semen usually results in suboptimal fertility; thereby, deep AI using IUI
and DIUI procedures was developed. We evaluated fertility (fertilization rate, FR and LS) of
FT boar semen after IUI, with 2x109 total sperm per dose, and DIUI, with 1x109 per dose, in
spontaneously ovulating weaned sows. The results revealed that at approximately 2 days
following inseminations either with IUI or DIUI, embryo(s) could be recovered from both
sides of the oviducts. This observation, the first report in FT semen [99], was consistent with
previous studies where the extended fresh semen was used [85,100,101]. It was demonstrat‐
ed that both transuterine and transperitoneal migrations were involved in transport of
sperm inseminated using DIUI to reach the other side of the oviduct [85]. Nonetheless, com‐
paring between techniques, fertilization rate in the IUI group was significantly higher than
the DIUI group. The reason for this finding might not associate with the insemination tech‐
niques, but rather it was a result of insemination time relative to the moment of ovulation
which was not appropriate in the DIUI group (≥ 8 h before ovulation).

After AI using the same procedures (IUI and DIUI) and same numbers of FT sperm (1 to 2
x109 per dose), acceptable fertility (67% FR and 7.7 to 10.5 LS) were obtained in both groups
(P>0.05); however, TB in the DIUI group was about 3 piglets fewer than the IUI group. This
was probably the consequence of inadequate numbers of functional sperm used for DIUI
(400x106 motile sperm) which leaded to the unilateral and/or incomplete bilateral fertiliza‐
tion and resulted in the low LS [102] (Table 2)

Insemination procedure

IUI DIUI

No. of sows 9 9

Parity number (mean±SD) 5.0±1.9 4.8±1.9

Weaning to estrus interval (days) (mean±SD) 4.9±0.9 5.1±1.5

Sows inseminated within 6 h before/after ovulation (%) 8/9 (89) 9/9 (100)

Non-return rate at 24 days (%) 8/9 (89) 6/9 (67)

Sows return-to-estrus after 24 days (%) 2/8 (25) 0 (0)

Farrowing rate (%) 6/9 (67) 6/9 (67)

Number of total piglets born per litter (mean±SD) 10.5±2.9 7.7±3.0

Number of piglets born alive per litter (mean±SD) 9.5±3.0 7.5±3.0

Table 2. Non-return rate, farrowing rate, number of total piglets born per litter and number of piglets born alive per
litter after intra-uterine insemination (IUI) and deep intra-uterine insemination (DIUI) with frozen-thawed boar semen
[102]
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According to the results of our studies, it could be indicated that timing of insemination in
relation to ovulation and sperm numbers per insemination dose are important factors for
successful insemination regardless of insemination procedures and types of semen used.
The time of insemination factor becomes more essential when using FT semen because the
life span of FT sperm in the female reproductive tract is relatively short compared with the
fresh cells, i.e. 4 to 8 h vs about 24 h after insemination, respectively [103,104]. It has been
demonstrated that the number of sperm per insemination dose is related to both the number
of functional sperm colonized in the oviductal sperm reservoir and fertilization rate [49,101].
Insufficient sperm numbers in the DIUI group might account for the lower fertilization rate
[99] and thus smaller LS [102].

16. Conclusion

The feed supplement containing the rich of PUFAs, vitamins and minerals can improve the
sperm motility, vitality and number of sperm per ejaculation in boar. The success of feed
supplement depends on the initial performance of the boar. They may not improve the se‐
men quality if the boars are the good performance of semen producers. Moreover, taking all
of our researches, we can conclude that the production of cryopreserved boar semen and AI
with FT boar semen could be successfully performed in Thailand and its application in com‐
mercial farm is undergoing. An IUI procedure was considered to be suitable for FT boar se‐
men to produce acceptable fertility rates. This is very useful for the conservation and/or
production of animal with high genetic merits.
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1. Introduction

The biotechnology of sex selection in animals is one of the most studied and also misunder‐
stood in the history. According Garner and Seidel [1], Democratis (470 – 402 AC) had sug‐
gested that the right testicle produces male sperm and the left female. For sure that is not
true, once there are two sperm populations on the mammals ejaculate, being a portion of it
carrier the X sexual chromosome and other Y. During years, researchers have been trying to
manipulate the sex of the offspring before conception [1]. The selection of desired sex deliv‐
ered can be one of the determining factors to increase the genetic progress and farmer profit‐
ability in either beef or dairy cattle. For example, in dairy farms, the male calf has little or
any zootechnical or economic value. However, in beef farms, the male calf is the product of
interest due to its increased potential to produce meat. Considering these particularities,
many researches have been developed to predict and/or manipulate the calf sex proportion.
The separation of the Y sperm from the X is possible due to the differences on the DNA con‐
tent of these spermatic cells (X sperm has about 4% more genetic material than Y) by flow
cytometry. Nowadays, this is the most efficient method to separate X from Y-spermatozoa in
large scale. Some available biotechnologies in commercial scale are the use of the sex-sorted
sperm by artificial insemination (AI) with estrus detection, timed artificial insemination
(TAI), embryo transfer with superovulation (ET) and timed embryo transfer (TET).
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Reproductive programs based on TAI, have been continuously incorporated in routine of
the reproductive management on farms. These programs represent a systematic approach
to enhance the use of AI in dairy or beef farms, increasing the benefits of this reproduc‐
tive biotechnology.

The ET technique has been used widely around the world once it increases the number of
offspring that can be obtained from females with great genetic value [2, 3]. The use of sex-
sorted sperm could increase the production of a specific calf gender, which would benefit
beef and dairy industries worldwide [4]. Likewise, the TET synchronizes the ovulation simi‐
lar to TAI; however, instead to inseminate before ovulation, the recipient cow receive an em‐
bryo fertilized in vitro with sex-sorted sperm seven days after ovulation.

Advances in sex sorting of sperm using flow cytometry have enabled its incorporation in‐
to commercial reproductive management. Despite the increased use of sex-sorted sperm, preg‐
nancy per AI (P/AI) is still less than when using non sex-sorted sperm [5]. Regardless of
these reduced results, suitable spermatozoa concentration at AI time; longer intervals from
the induction of ovulation to the AI (i.e., closer to the expected moment of ovulation); AI
into the uterine horn ipsilateral to the expected ovulation; the size of the follicle from which
ovulation occurs; occurrence of estrus from progesterone (P4) source removal to the TAI
and the identification and use of bulls with proven fertility producing spermatozoa resist‐
ant to the sexing process have increased the likelihood of pregnancy in females inseminat‐
ed with sex-sorted sperm [6-8], thereby optimizing the use of sex-sorted sperm in TAI and
ET programs.

There is a huge interest in sex-sorted sperm around the world. There are many opportuni‐
ties and challenges associated to the use of this semen in farms. The aim of this review is to
bring into focus a summary of our current understanding of the use of sex-sorted sperm in
TAI and ET programs and some strategies to optimize the use of sex-sorted sperm. Before
describing the researches results and opportunities for its use, it is important to understand
how sperm are sorted and the critical points associated to the process.

2. Basic principles of sexing

The biotechnology of sex sorting is based on the information that X-sperm has about 4%
more genetic material than Y-sperm. In this manner, the flow cytometry associates the laser,
differential coloration of the viable and non-viable spermatozoa and hydrodynamic force
which direct the sperm at the moment of the reading during the process of X and Y sperm
separation. Moreover, there are differences among bovine breeds according to the amount
of DNA present in the Y chromosome. According Garner [9], the X-Y sperm nuclei DNA
content difference (%) is: 4.22 for Jersey, 4.07 for Angus, 4.01 for Holstein, 3.98 for Hereford
and 3.7 for Brahman. Such differences, do not determine the fertility after sexing process.
These differences mainly determine the speed and efficiency of the sexed semen production
and have to be considered when using flow cytometry.

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed40

Recent advances in the form of the tip of the flow cytometry, the positioning of the sperm
cells at the moment of the passage through the laser, as well as changes in pressure and the
type of staining cells have significantly improved separation process gametes X and Y [9].
The X-Y sperm separation speed is relatively slow with approximately 300,000 to 400,000
cells per minute. In this way, for a higher process efficacy, the semen dose in the straw nor‐
mally used is set to be 2.1 x 106 cells in a 0.25cc straw.

The process of sorting X and Y-bearing sperm likely results in some damage to the sperm
that compromise fertilization [4, 10]. According to Gonsálvez et al. [11], the sorting process
produce an interaction of the DNA with fluorophores, laser exposure, spermatozoa separa‐
tion in micro-droplets, acceleration of spermatozoa through geometrically-pressured fluid
channels and centrifugation. All of these para-biological spermatozoa-media or mechanical
interactions would theoretically have the potential to produce changes in cell structures, in‐
cluding the DNA molecule. When considering cell structures, spermatozoa appear to be par‐
tially capacitated during the flow cytometry process used for sex pre-determination [12].
This total or partial capacitation is induced by the conditions that sperm are subjected dur‐
ing preparation for flow cytometric-sorting and during sorting [13]. Lu and Seidel [12] em‐
phasize that it could be due to the condition that the sperm are pre-incubated with Hoechst
33342 at 34.5 8C for 45 min before sorting. During sorting, sperm are subjected to laser light
and various physical forces, such as exiting the sorter at nearly 90 km/h before entering the
collecting medium. The process of sorting results in an extremely diluted sample with
800,000 sperm/ml, and subsequently sperm are gently centrifuged to provide a concentrated
sample suitable for packaging and cryopreservation.

Thus, this process could also led to a shorter functional sperm life compared to non-sorted
sperm [12, 14, 15], which could include pre-capacitation and a reduced number of viable
spermatozoa for the insemination [6, 16]. The thermo-resistance test showed that the motili‐
ty decline in sex-sorted sperm was faster compared to non-sorted sperm. Also, there is an
effect associated with samples from a specific bull and sex-sorted sperm insemination dose
[5] and some samples from certain bulls can tolerate the stress of sorting in a more desirable
manner [17].

Although the above information stated, it is important to highlight that AI with sex-sorted
sperm does not alter pattern of return to estrus and does not affect the likelihood of heifers
to conceive from subsequent AI [18]. Also, Holstein heifers inseminated with sexed semen
had similar pregnancy loss from 29 ± 1 to 50 ± 1 d after AI compared with heifers inseminat‐
ed with conventional semen [17], and there is no difference on abortion rate from 2 mo of
gestation to parturition. Farmers in general are interested to know if calves produced by
sexed semen are different that those from conventional semen. To address this question
Tubman et al. [19] analyzed data from 1,169 calves produced from sexed semen and 793
calves from conventional semen. They did not observed difference in gestation length, birth
weight, calving ease, calf vigor, weaning weight, abortion rate, and death rates (neonatal
and through weaning) among calves produced by sexed or conventional semen. When in vi‐
tro models are used to verify the efficiency of sex-sorted sperm to produce embryos, there
are inconsistent results concerning the embryo development which mainly depend on the
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tive biotechnology.

The ET technique has been used widely around the world once it increases the number of
offspring that can be obtained from females with great genetic value [2, 3]. The use of sex-
sorted sperm could increase the production of a specific calf gender, which would benefit
beef and dairy industries worldwide [4]. Likewise, the TET synchronizes the ovulation simi‐
lar to TAI; however, instead to inseminate before ovulation, the recipient cow receive an em‐
bryo fertilized in vitro with sex-sorted sperm seven days after ovulation.

Advances in sex sorting of sperm using flow cytometry have enabled its incorporation in‐
to commercial reproductive management. Despite the increased use of sex-sorted sperm, preg‐
nancy per AI (P/AI) is still less than when using non sex-sorted sperm [5]. Regardless of
these reduced results, suitable spermatozoa concentration at AI time; longer intervals from
the induction of ovulation to the AI (i.e., closer to the expected moment of ovulation); AI
into the uterine horn ipsilateral to the expected ovulation; the size of the follicle from which
ovulation occurs; occurrence of estrus from progesterone (P4) source removal to the TAI
and the identification and use of bulls with proven fertility producing spermatozoa resist‐
ant to the sexing process have increased the likelihood of pregnancy in females inseminat‐
ed with sex-sorted sperm [6-8], thereby optimizing the use of sex-sorted sperm in TAI and
ET programs.

There is a huge interest in sex-sorted sperm around the world. There are many opportuni‐
ties and challenges associated to the use of this semen in farms. The aim of this review is to
bring into focus a summary of our current understanding of the use of sex-sorted sperm in
TAI and ET programs and some strategies to optimize the use of sex-sorted sperm. Before
describing the researches results and opportunities for its use, it is important to understand
how sperm are sorted and the critical points associated to the process.

2. Basic principles of sexing

The biotechnology of sex sorting is based on the information that X-sperm has about 4%
more genetic material than Y-sperm. In this manner, the flow cytometry associates the laser,
differential coloration of the viable and non-viable spermatozoa and hydrodynamic force
which direct the sperm at the moment of the reading during the process of X and Y sperm
separation. Moreover, there are differences among bovine breeds according to the amount
of DNA present in the Y chromosome. According Garner [9], the X-Y sperm nuclei DNA
content difference (%) is: 4.22 for Jersey, 4.07 for Angus, 4.01 for Holstein, 3.98 for Hereford
and 3.7 for Brahman. Such differences, do not determine the fertility after sexing process.
These differences mainly determine the speed and efficiency of the sexed semen production
and have to be considered when using flow cytometry.
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Recent advances in the form of the tip of the flow cytometry, the positioning of the sperm
cells at the moment of the passage through the laser, as well as changes in pressure and the
type of staining cells have significantly improved separation process gametes X and Y [9].
The X-Y sperm separation speed is relatively slow with approximately 300,000 to 400,000
cells per minute. In this way, for a higher process efficacy, the semen dose in the straw nor‐
mally used is set to be 2.1 x 106 cells in a 0.25cc straw.

The process of sorting X and Y-bearing sperm likely results in some damage to the sperm
that compromise fertilization [4, 10]. According to Gonsálvez et al. [11], the sorting process
produce an interaction of the DNA with fluorophores, laser exposure, spermatozoa separa‐
tion in micro-droplets, acceleration of spermatozoa through geometrically-pressured fluid
channels and centrifugation. All of these para-biological spermatozoa-media or mechanical
interactions would theoretically have the potential to produce changes in cell structures, in‐
cluding the DNA molecule. When considering cell structures, spermatozoa appear to be par‐
tially capacitated during the flow cytometry process used for sex pre-determination [12].
This total or partial capacitation is induced by the conditions that sperm are subjected dur‐
ing preparation for flow cytometric-sorting and during sorting [13]. Lu and Seidel [12] em‐
phasize that it could be due to the condition that the sperm are pre-incubated with Hoechst
33342 at 34.5 8C for 45 min before sorting. During sorting, sperm are subjected to laser light
and various physical forces, such as exiting the sorter at nearly 90 km/h before entering the
collecting medium. The process of sorting results in an extremely diluted sample with
800,000 sperm/ml, and subsequently sperm are gently centrifuged to provide a concentrated
sample suitable for packaging and cryopreservation.

Thus, this process could also led to a shorter functional sperm life compared to non-sorted
sperm [12, 14, 15], which could include pre-capacitation and a reduced number of viable
spermatozoa for the insemination [6, 16]. The thermo-resistance test showed that the motili‐
ty decline in sex-sorted sperm was faster compared to non-sorted sperm. Also, there is an
effect associated with samples from a specific bull and sex-sorted sperm insemination dose
[5] and some samples from certain bulls can tolerate the stress of sorting in a more desirable
manner [17].

Although the above information stated, it is important to highlight that AI with sex-sorted
sperm does not alter pattern of return to estrus and does not affect the likelihood of heifers
to conceive from subsequent AI [18]. Also, Holstein heifers inseminated with sexed semen
had similar pregnancy loss from 29 ± 1 to 50 ± 1 d after AI compared with heifers inseminat‐
ed with conventional semen [17], and there is no difference on abortion rate from 2 mo of
gestation to parturition. Farmers in general are interested to know if calves produced by
sexed semen are different that those from conventional semen. To address this question
Tubman et al. [19] analyzed data from 1,169 calves produced from sexed semen and 793
calves from conventional semen. They did not observed difference in gestation length, birth
weight, calving ease, calf vigor, weaning weight, abortion rate, and death rates (neonatal
and through weaning) among calves produced by sexed or conventional semen. When in vi‐
tro models are used to verify the efficiency of sex-sorted sperm to produce embryos, there
are inconsistent results concerning the embryo development which mainly depend on the
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sire used [20-22]. In general, P/AI of females inseminated with sex-sorted is not resultant
from increased late embryonic and fetal losses. Therefore, calves produced from sexed se‐
men grew and developed normally both pre- and postnatally.

3. Sperm concentration for sex-sorted sperm in reproductive programs

Commercially, the established spermatozoa number by dose of sexed semen is 2.1 x 106

cells/dose. This amount is much lower than that from conventional semen (~20 x 106 cells/
dose). To achieve this proportion many studies have been done to specify the best straw
concentration considering commercial aspects. Holstein heifers and cows have same concep‐
tion rate when inseminated with sex-sorted sperm in a dose of 2.1 or 3.5 × 106 sperm/dose;
however, not only in heifers but also in cows, there is an increasing on conception when AI
is performed with conventionally processed sperm (15 x 106 sperm/dose) as presented on
Table 1.

Sex-sorted sperm (dose) Non sex-sorted sperm (dose)

2.1 x 106 3.5 x 106 15 × 106

Heifers (%) 43.9a (2,752/6,268) 45.7a (2,864/6,268) 60.7b (3,805/6,268)

Cows (%) 23.0a (1,257/5,466) 25,4a (1,388/5,466) 31,5b (1,722/5,466)

Table 1. Different superscript letters (a, b) in row indicates statistical difference (P < 0.01).Adapted from Dejarnette et
al. [23].Conception rates Holstein heifers and cows after artificial insemination with 2.1 or 3.5 × 106 sex-sorted sperm
or 15 × 106 non sex-sorted sperm.

Dejarnette et al. [24] compared the effects of sperm dosage (2.1 vs. 10 × 106 sperm/dose) and
sex-sorting (conventional vs. sexed) on conception rates of Holstein heifers (n = 9,172) and
observed difference among groups as follows on Table 2. In a field trial study with three dif‐
ferent breeds (Holstein, Jersey and Danish Red) Borchersen and Peacock [25] observed a re‐
duction of 12% for Holstein, 7% for Jersey, and 5% for Danish Red in conception rate using
sexed semen.

Sperm dosage

2.1 x 106 10 x 106

Sex-sorted sperm (%) 38a (881/2,319) 44c (1,003/2,279)

Non sex-sorted sperm (%) 55b (1,255/2,282) 60d (1,375/2,292)

Table 2. Different superscript letters (a, b, c and d) indicates statistical difference (P < 0.01).Adapted from Dejarnette et
al. [24].Conception rates of Holstein heifers according semen type (sexed vs. conventional) and sperm dosage
combinations (2.1 vs. 10 × 106 sperm/dose).
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In a combination of some experiments, Seidel et al. [26] observed that the conception rate of
Holstein heifers inseminated with sex-sorted sperm vary from 40% to 68%, and with non-
sex-sorted sperm vary from 67% to 82%. Also, Seidel and Schenk [17] observed a lower
pregnancy rate when using sex-sorted sperm (31% to 42%) than non sex-sorted sperm (43%
to 62%). Although the greater variability on the pregnancy outcomes of cattle inseminated of
with sex-sorted sperm by literature, most part of the researches with heifers indicates that
conception rate after AI upon estrous detection with sex-sorted sperm is about 70% to 90%
(according to the farms handling) from the conception obtained following the use of conven‐
tional semen [27]. In accordance, Sá Filho et al. [28] showed that overall P/AI rates were re‐
duced with sex-sorted sperm compared with non sex-sorted sperm (i.e., 83.8% pregnancy
was obtained with the non-sex-sorted sperm). This reduced P/AI could be attributable to
several factors including a shorter lifespan in the female reproductive tract, reduced number
of sperm per straw, and sperm damage from the staining, identification, and separation
processes [5, 6, 14]. The Table 3 summarizes the main studies with sex-sorted sperm, stating
the pregnancy rate and the proportion of pregnancy sexed/conventional semen.

In a first report to evaluate the fertility of lactating dairy cows under field conditions, fe‐
males where inseminated with same low concentration (2 x 106) of sex-sorted or non sex-
sorted frozen-thawed sperm [29], it was observed the same pregnancy per AI among
females inseminated with sex-sorted (27.6%, n = 105) or non sex-sorted (28.1%, n = 64)
sperm. Although the inconsistent results with cows presented by literature, most part of the
researches with heifers indicates that conception rate after estrus detection by observation
and AI with sex-sorted sperm is about 70% to 90% (it depends on to the farms handling)
form the conception rate obtained by conventional semen [27].

Considering that maybe straw concentration would still  be low, our research group per‐
formed an experiment inseminating Jersey heifers once or twice [7]. Aimed at, 576 virgin Jer‐
sey heifers  were synchronized with two injections of  PGF2α apart  and had their  estrus
observed twice daily (based upon removal of tail-head chalk). The AI was performed with a
single insemination dose (2.1 x 106 sperm) 12 h after estrus detection (n=193), a double dose at
12 h (n=193), or a double dose involving insemination 12 and 24 h after estrus detection (n=190).
It was not observed any effect of treatments on P/AI (87/193 = 45.1%, 85/193 = 44.0%, and 94/190
= 49.5%, respectively; P = 0.51). However, P/AI was influenced by the number of AI service
(First, 115/208 = 55.3%a; Second, 94/204 = 46.1%a; and Third, 57/165 = 34.8%b; P = 0.004). Similar
results have also been described by Dejarnette et al. [30] where, pregnancy rate has been re‐
duced in heifers when the number of AI service has been increased (First service = 47%; Second
= 39% ; Third = 32%). Accordingly, in Jersey heifers, the increasing on the spermatozoa num‐
ber, 2.1 to 4.2 million, to be used in insemination after estrus detection and to perform a double
insemination (12 hour interval) have not changed the conception rate.

The use of sex-sorted sperm in suckled beef cows in the post-partum have not been much
explored scientifically. Most part of the papers use few cows per treatment, making the re‐
sults inconclusive. A study in suckled Angus cows (n = 212), Doyle et al. [34] compared the
following treatments:
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In a combination of some experiments, Seidel et al. [26] observed that the conception rate of
Holstein heifers inseminated with sex-sorted sperm vary from 40% to 68%, and with non-
sex-sorted sperm vary from 67% to 82%. Also, Seidel and Schenk [17] observed a lower
pregnancy rate when using sex-sorted sperm (31% to 42%) than non sex-sorted sperm (43%
to 62%). Although the greater variability on the pregnancy outcomes of cattle inseminated of
with sex-sorted sperm by literature, most part of the researches with heifers indicates that
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(according to the farms handling) from the conception obtained following the use of conven‐
tional semen [27]. In accordance, Sá Filho et al. [28] showed that overall P/AI rates were re‐
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was obtained with the non-sex-sorted sperm). This reduced P/AI could be attributable to
several factors including a shorter lifespan in the female reproductive tract, reduced number
of sperm per straw, and sperm damage from the staining, identification, and separation
processes [5, 6, 14]. The Table 3 summarizes the main studies with sex-sorted sperm, stating
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sorted frozen-thawed sperm [29], it was observed the same pregnancy per AI among
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sperm. Although the inconsistent results with cows presented by literature, most part of the
researches with heifers indicates that conception rate after estrus detection by observation
and AI with sex-sorted sperm is about 70% to 90% (it depends on to the farms handling)
form the conception rate obtained by conventional semen [27].

Considering that maybe straw concentration would still  be low, our research group per‐
formed an experiment inseminating Jersey heifers once or twice [7]. Aimed at, 576 virgin Jer‐
sey heifers  were synchronized with two injections of  PGF2α apart  and had their  estrus
observed twice daily (based upon removal of tail-head chalk). The AI was performed with a
single insemination dose (2.1 x 106 sperm) 12 h after estrus detection (n=193), a double dose at
12 h (n=193), or a double dose involving insemination 12 and 24 h after estrus detection (n=190).
It was not observed any effect of treatments on P/AI (87/193 = 45.1%, 85/193 = 44.0%, and 94/190
= 49.5%, respectively; P = 0.51). However, P/AI was influenced by the number of AI service
(First, 115/208 = 55.3%a; Second, 94/204 = 46.1%a; and Third, 57/165 = 34.8%b; P = 0.004). Similar
results have also been described by Dejarnette et al. [30] where, pregnancy rate has been re‐
duced in heifers when the number of AI service has been increased (First service = 47%; Second
= 39% ; Third = 32%). Accordingly, in Jersey heifers, the increasing on the spermatozoa num‐
ber, 2.1 to 4.2 million, to be used in insemination after estrus detection and to perform a double
insemination (12 hour interval) have not changed the conception rate.
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1. Frozen conventional semen (40 x 106 sperm/dose) deposited at uterus corpus;

2. Frozen conventional semen at low concentration (1 x 106 sperm/dose);

3. Frozen sexed semen (1 x 106 sperm/dose);

4. Cooled sexed semen (5 x 106 sperm/dose).

Semen for the Treatment 1 was deposited into the uterus corpus. Semen for the other three
treatments was shared where each half was deposited into each uterine horn. Pregnancy
was lower for the sex-sorted sperm treatments (frozen = 23% and cooled = 25%) than for the
non sex-sorted sperm (conventional = 67% and low concentration = 49%)

Pregnancy rate based on type of

semen used in AI

Breed Category
Conventional (%)

(n/n)

Sexed

(%) (n/n)

Proportion

(%)
Reference

Timed Artificial insemination

Beef Cows 54.2 (232/428) 45.4 (193/425) 83.7
Sá Filho et al. [31] (Exp

1)

Beef Cows 54.7 (134/245) 45.9 (113/246) 83.9
Sá Filho et al. [31] (Exp

2)

Beef Cows 51.8 (100/193) 41.8 (82/196) 80.7 Sales et al. [8]

Beef Cows 55.3 (105/190) 40.9 (79/193) 74.0 Sales et al. [8]

Dairy Cows 27.1 (44/162) 13.0 (21/161) 48.0
Souza et al. 2006

unpublished data

Artificial insemination with estrus detection

Beef Heifers 67.6 (96/142) 53.7 (130/242) 79.4
Seidel and Schenk [17]

(Exp.1)

Beef Heifers 67.0 (85/126) 52.6 (129/245) 78.5
Seidel and Schenk [17]

(Exp.2)

Dairy Heifers 60.0 (1375/2292) 38.0 (881/2319) 63.3 DeJarnette et al. [24]

Dairy
Cows and

Heifers
37.7 (160/426) 22.9 (51/223) 60.7 Mellado et al. [32]

Dairy Heifers
56.0

(30082/53718)

45.0

(17893/39763)
80.3 DeJarnette et al. [30]

Dairy
Cows and

Heifers
37.4 (34/91) 28.8 (38/132) 77.0 Bodmer et al. [29]

Dairy Cows 46.0 (69/149) 21.0 (33/157) 45.6 Andersson et al. [33]
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Pregnancy rate based on type of

semen used in AI

Dairy Heifers 60.0 (74/124) 46.7 (114/244) 77.8
Seidel and Schenk [17]

(Exp.4)

Dairy Heifers 62.0 (163/263) 42.1 (225/534) 67.9
Seidel and Schenk [17]

(Exp.5)

Overall
55.9%

(32753/58549)

44.3%

(19982/45080)
79.2

Table 3. Pregnancy rate of females inseminated with conventional or sexed semen and the pregnancy proportion
obtained by sexed semen based on conventional. (sexed/conventional).

In brief, the fertility of cows and heifers is influenced when the dose of the sex-sorted sperm
is considerably increased [for example to 10 x 106 sperm/AI; [24]]. However, the high cost of
increasing the insemination dose would make this commercially unviable. Certainly duo to
the low sorting rate per hour provided by flow cytometry method. Nowadays, sexing com‐
panies just offer sexed semen in a dose of 2.1 x 106 sperm/straw, and studies have been done
using this dose as pattern’. Also, data suggest a better use of sex-sorted sperm in the first/
second service.

4. Timing for AI using non sex-sorted or sex-sorted sperm

4.1. AI following estrus detection

The optimal time at which insemination should take place relative to ovulation (IOI) depends
primarily on the lifespan of spermatozoa and on the viability of the oocyte in the female geni‐
tal tract [35]. Several experiments [36-38] have demonstrated that 6 h is the minimum time
needed for a viable sperm population capable of fertilization to pass through the oviduct. Fur‐
thermore, the number of progressive motile sperm peaked from 8 to 18 h after insemination. In
terms of the oocyte, the most desirable period for fertilization appears to be between 6 and 10 h
after ovulation [39]. Also, Dransfield et al. [40] and Roelofs et al. [41] demonstrated that the
probability that conception will occur decreases when AI is performed near the time of ovula‐
tion (less than 12 or 6 h before ovulation, respectively). According to Roelofs et al. [42], fertiliza‐
tion rate drastically decreases when AI occurs after ovulation. Artificial insemination should
occur near the time of ovulation to maximize sperm access to the ovum, but not so late that an
aging ovum awaits sperm arrival [43]. The ovulation occurs 28-30 h after the estrus beginning.
The optimal AI time was between 24 and 12 h before ovulation for the most desirable rate of
fertilization and 16–12 h for greatest percentage of greater quality embryos [89% of recovered
embryos; [42]. More precisely, Maatje et al. [44] obtained an optimal pregnancy rate when AI
was performed 16.2 h before ovulation.
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In brief, the fertility of cows and heifers is influenced when the dose of the sex-sorted sperm
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using this dose as pattern’. Also, data suggest a better use of sex-sorted sperm in the first/
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The optimal time at which insemination should take place relative to ovulation (IOI) depends
primarily on the lifespan of spermatozoa and on the viability of the oocyte in the female geni‐
tal tract [35]. Several experiments [36-38] have demonstrated that 6 h is the minimum time
needed for a viable sperm population capable of fertilization to pass through the oviduct. Fur‐
thermore, the number of progressive motile sperm peaked from 8 to 18 h after insemination. In
terms of the oocyte, the most desirable period for fertilization appears to be between 6 and 10 h
after ovulation [39]. Also, Dransfield et al. [40] and Roelofs et al. [41] demonstrated that the
probability that conception will occur decreases when AI is performed near the time of ovula‐
tion (less than 12 or 6 h before ovulation, respectively). According to Roelofs et al. [42], fertiliza‐
tion rate drastically decreases when AI occurs after ovulation. Artificial insemination should
occur near the time of ovulation to maximize sperm access to the ovum, but not so late that an
aging ovum awaits sperm arrival [43]. The ovulation occurs 28-30 h after the estrus beginning.
The optimal AI time was between 24 and 12 h before ovulation for the most desirable rate of
fertilization and 16–12 h for greatest percentage of greater quality embryos [89% of recovered
embryos; [42]. More precisely, Maatje et al. [44] obtained an optimal pregnancy rate when AI
was performed 16.2 h before ovulation.
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In a review by Seidel et al. [26], crossbred beef heifers inseminated with sex-sorted sperm,
present conception rate about 40%, lower than AI with non sex-sorted sperm (75%).

Sá Filho et al. [7] have been evaluated the different times to perform the AI. Thereby, 638
Jersey heifers have been inseminated after estrus detection according those times (12 a 16h;
16 a 20h; 20 a 24h e 24 a 30h) and the estrus has been detected using radio telemetry (Heat
Watch®). The P/AI of heifers inseminated from 12 to 16 h after the onset of estrus (40/106 =
37.7%) was less (P = 0.03) than those inseminated from 16.1 to 20 h (85/164 = 51.8%), and 20.1
to 24 h (130/234 = 55.6%). However, the P/AI for heifers inseminated from 24.1 to 30 h
(61/134 = 45.5%) did not differ from that of any other interval.

Pharmacological manipulation is expected to increase the reproductive performance even in
management with estrus detection. Exogenous GnRH given at the onset of estrus [45, 46] or
concurrent with AI [47, 48] have improved fertility, but the effects have not been consistent
[45-48]. Therefore, reproductive strategies to enhance fertility with exogenous hormones,
optimizing estrus detection, or improving the timing of AI relative to estrus detection, could
enhance the use of sexed semen in dairy cattle breeding. Following this idea, our group
aimed to develop strategies to improve P/AI (35 to 42 d after AI) in virgin Jersey heifers bred
by AI of sex-sorted sperm after being detected in estrus [7]. Nevertheless, giving 100 μg of
GnRH at first detection of estrus, with AI 12 h later, did not affect P/AI in females with es‐
trus detected by tail-head chalk [GnRH=47.2% (100/212) vs. No GnRH=51.7% (104/201); P =
0.38] or by radio telemetry [HeatWatch® ; GnRH=53.1% (137/258) vs. No GnRH=48.6%
(122/251); P = 0.43]. In the referred study, GnRH treatments were done 7.4 h after the onset
of estrus, identified by HeatWatch® system, due to the management schedule (i.e. twice dai‐
ly 07:00 or 19:00). Previous studies demonstrated that the onset of estrus, the peak of the
17β-estradiol in plasma, and the release of the ovulatory LH surge occurred at approximate‐
ly the same moment [49, 50]. However, treatment with GnRH following a spontaneous LH
surge resulted in a surge of LH of shorter duration and decreased magnitude compared to
an ovulatory LH surge [51]. Additionally, treatment with GnRH at AI tended to decrease
subsequent progesterone concentrations in synchronized beef heifers [48]. Therefore, the
positive effect of GnRH treatment at estrus appeared to be most beneficial in females with
decreased fertility, or when the treatment was performed close to the onset of estrus (i.e.,
close to the spontaneous LH surge).

4.2. AI following synchronization of ovulation

The use of a P4/progestin plus E2 based TAI protocols has been the most commercially used
type of fixed time synchronization protocol in South America [52-55]. In females, a common
aspect among the estrus synchronization protocols for TAI is the insertion of an intravaginal
device containing P4 or an ear implant containing norgestomet plus administration of estra‐
diol benzoate (EB; 2mg i.m.) on Day 0; an injection of prostaglandin (PG) F2α on Day 8 or 9
at the moment of device withdrawal plus 300 to 400 IU of equine chorionic gonadotropin
(eCG). Different ovulation inducers with similar efficiency could be used such as estradiol
cipionate (EC; 0.5 mg i.m.) at moment or EB (1mg i.m.) 24 h after the P4/progestin implant
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removal. Timed artificial insemination use to occur 48 to 60 hours after P4/progestin source
withdrawal [54-58].

A possibility to improve the use of sex-sorted sperm is controlling the ovulation time varia‐
tion through the use of synchronization techniques; thus, increasing the efficiency of AI pro‐
grams using sexed semen. For instance, in beef and dairy cows, P4 and E2 based
synchronization induce ovulation around 70-72h after the P4 device removal [59-61].

The P4-based synchronization protocol is a well-established protocol to synchronize the ovu‐
lation. Despite the satisfactory predictability of the moment of ovulation provided by the P4
plus estradiol-based estrus synchronization protocol (averaging 66 to 72 h after P4 device re‐
moval), the timing of ovulation is influenced by the diameter of the follicle at the time of the ov‐
ulatory stimulus treatment [62]. Neves [62] evaluated the time of ovulation in a large number
of suckled Bos indicus cows (n = 312) and observed a significant effect of the diameter of the ov‐
ulatory follicle at the moment of synchronized ovulation (average of 71.8 ± 7.7 h after P4 de‐
vice  removal).  The  author  reported  that  cows  experiencing  premature  ovulation  (i.e.,
ovulation occurring from 48 to 59 h after P4 device removal) presented a larger ovulatory folli‐
cle (14.0 ± 2.2 mm) than cows with delayed ovulation (11.4 ± 2.2 mm; 73 to 96 h after P4 device
removal) and that cows that ovulated at the expected time of ovulation (60 to 72 h after P4 de‐
vice removal) showed ovulatory follicles of intermediate diameter (13.6 ± 2.1 mm).

Once the sex-sorted sperm present lower viability on the reproductive tract than conven‐
tional semen [6, 14], our research group has evaluated the delay on AI using of sex-sorted
sperm in heifers. A study [8] breeding 420 cyclic Jersey heifers at either 54 or 60 h after P4-
device removal, using either sex-sorted (2.1 x 106 sperm/straw) or non-sorted sperm (20 x 106

sperm/straw) from three sires (2 x 2 factorial design). There was an interaction (P = 0.06) be‐
tween time of AI and type of semen on pregnancy per AI (P/AI, at 30 to 42 d after TAI); it
was greater when sex-sorted sperm (P < 0.01) was used at 60 h (31.4%; 32/102) than at 54 h
(16.2%; 17/105). In contrast, altering the timing of AI did not affect conception results with
non-sorted sperm (54 h = 50.5%; 51/101 versus 60 h = 51.8%; 58/112; P = 0.95). There was an
effect of sire (P < 0.01) on P/AI, but no interaction between sire and time of AI (P = 0.88).

Based on previous results, Sales et al. [8] evaluated the ideal period to perform the TAI with
sex-sorted sperm in a P4-based protocol of synchronization of ovulation. Suckled Bos indicus
cows (n = 339) were randomly assigned to receive TAI with sex-sorted sperm at 36, 48, or 60
h after P4 device removal. Ultrasonographic examinations were performed twice daily in all
cows to confirm ovulation. On average, ovulation occurred 71.8 ± 7.8 h after P4 removal, and
greater P/AI was achieved when insemination was performed closer to ovulation. The P/AI
was greatest (37.9%, 36/95) for TAI performed between 0 and 12 h before ovulation, whereas
P/AI was significantly less for TAI performed between 12.1 and 24 h (19.4%, 21/108) or > 24
h (5.8%, 5/87) before ovulation (P = 0.001) as shown on Table 4. In the Table 5, it is presented
a summary of studies when AI with sex-sorted sperm is performed at different times after
protocol of synchronization of ovulation.
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close to the spontaneous LH surge).
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device containing P4 or an ear implant containing norgestomet plus administration of estra‐
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effect of sire (P < 0.01) on P/AI, but no interaction between sire and time of AI (P = 0.88).
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cows (n = 339) were randomly assigned to receive TAI with sex-sorted sperm at 36, 48, or 60
h after P4 device removal. Ultrasonographic examinations were performed twice daily in all
cows to confirm ovulation. On average, ovulation occurred 71.8 ± 7.8 h after P4 removal, and
greater P/AI was achieved when insemination was performed closer to ovulation. The P/AI
was greatest (37.9%, 36/95) for TAI performed between 0 and 12 h before ovulation, whereas
P/AI was significantly less for TAI performed between 12.1 and 24 h (19.4%, 21/108) or > 24
h (5.8%, 5/87) before ovulation (P = 0.001) as shown on Table 4. In the Table 5, it is presented
a summary of studies when AI with sex-sorted sperm is performed at different times after
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Interval from TAI

to ovulation (h)
No. cows

Pregnant

(%) No./No.

Adjusted ORx

(95% CI)
P

"/ 24 87 5.8 (5/87)c 0.24 (0.08-0.70) 0.01

"/ 12 to 24 108 19.4 (21/108)b Reference group

"/ 0 to 12 95 37.9 (36/95)a 2.34 (1.22-4.51) 0.01

After ovulationz 22 36.4 (8/22)ab 1.80 (0.64-5.03) 0.27

Table 4. a,b Within a column, proportions without a common superscript differed (P _ 0.05).x OR, odds ratio; CI,
confidence interval.y Reference, reference group for adjusted risk ratio, which is the industry standard for the optimal
timing of AI with non-sorted sperm.z Inseminations were performed within 0–12 h after ovulation.Adapted from
[8]Risk of pregnancy based on the interval between TAI and ovulation in suckled B. indicus cows inseminated with sex-
sorted sperm.

Pregnancy per AI % (n/n)

Reference Animal category Early AI time Late AI time P value

Sales et al. (2011) [8]Suckled Nelore cows 42.8 (100/193) 50.8 (99/195) 0.11

Schenk et al. (2009)

[6]
Angus heifers 34 (11/32) 49 (17/35) "/0.10

Sales et al. (2010)

[63]
Jersey heifers 16.2 (17/105) 31.4 (32/102) <0.05

Neves et al. (2010)

[62]
Nelore cows 20.8 (27/130) 30.9 (38/123) <0.05

Overall 25.1 (92/366) 37.0 (123/357) <0.01

Table 5. Influence of the AI moment in synchronization of ovulation protocols on the pregnancy rate.

Importantly to note, the use of in vitro fertilized (IVF) embryos with sexed semen is expect‐
ed to have its use increased throughout the years associated to TET. The overall percentages
of oocytes fertilized with sorted and unsorted frozen bovine sperm appear to be similar us‐
ing current IVF methods [20]. While TAI uses one dose of sexed semen by cow, the TET al‐
lows the optimization of the semen use. Just one sexed semen dose is capable to fertilize
about 80 oocytes (equivalent to the aspiration of four females; mean of 20 oocytes per aspi‐
rated cow), resulting in the production of approximately 30 viable embryos. Considering
that TET provides 40 – 50% of pregnancy rate, transferring the 30 embryos fertilized with
just one sexed semen dose, would result theoretically, in 12 – 15 pregnancies. In the case
where for TAI is considered the same conception rate of 40 – 50%, each inseminated sexed
semen dose would result in just 0.4 – 0.5 pregnancies.
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5. Bull effect on the efficiency of reproductive programs using sex-sorted
sperm

An important factor to consider in the timing of AI with sex-sorted sperm is the variation in
the fertility of individual bulls. Whereas sperm sorting has significantly decreased fertility of
certain bulls, sperm sorting does not affect fertility of other bulls [25]. Sales et al. [63] have
been evaluated the use of the sexed or conventional semen of 3 different sires to inseminate
Jersey heifers after the estrus detection by radio telemetry (Heat Watch®). Wherefore, the
conventional semen [64.2% (238/371)] had been a higher conception rate than sexed semen
[49.5% (189/382); P = 0.001]. Moreover, there was a bull effect on the conception rate [Bull A
= 50.0% (108/216)b; Bull B = 63.4% (211/333)a and Bull C = 53.5% (107/200)b; P = 0.008]. Thus,
some bulls can present lower conception rate using sexed or conventional semen for insemi‐
nation (Figure 1). Other studies also have described that conception rates vary in magnitude
for individual sires [5, 25, 64].
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Figure 1. Conception rate of Jersey heifers inseminated artificially with sexed or conventional semen according three
different the bull (A, n=216; B, n= 333 e C, n=200). Bull effect (P = 0.008) and semen (P = 0.001).

In another study, Sales et al. [8] synchronized Jersey heifers and used sex-sorted sperm from
three different sires to inseminate the females. The conception rate was different among
sires used in the experiment, indicating once more the existence of individual discrepancy
among bulls producing semen to sex-sorting (Figure 2).

The few number of sorting facilities around the world limits the use of high genetic merit
bulls because the distance. The capacity to effectively sex-sort and re-freeze previously fro‐
zen-thawed sperm would allow commercial sorting undertaking to offer sex-sorted sperm
from any sire currently in the frozen semen market. This capacity is mainly influenced by
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Figure 1. Conception rate of Jersey heifers inseminated artificially with sexed or conventional semen according three
different the bull (A, n=216; B, n= 333 e C, n=200). Bull effect (P = 0.008) and semen (P = 0.001).

In another study, Sales et al. [8] synchronized Jersey heifers and used sex-sorted sperm from
three different sires to inseminate the females. The conception rate was different among
sires used in the experiment, indicating once more the existence of individual discrepancy
among bulls producing semen to sex-sorting (Figure 2).

The few number of sorting facilities around the world limits the use of high genetic merit
bulls because the distance. The capacity to effectively sex-sort and re-freeze previously fro‐
zen-thawed sperm would allow commercial sorting undertaking to offer sex-sorted sperm
from any sire currently in the frozen semen market. This capacity is mainly influenced by
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variation in the physic-chemical semen properties of the individual bull. A study [65] to ver‐
ify the fertilizing potential of sex-sorted frozen-thawed bull sperm transported cooled or fro‐
zen to the sorting facility, has shown a bull effect on the pregnancy rate after AI [Bull 1:
conventional semen (control) 63.0%; previously frozen (FS) 8.6%; previously cooled (CS)
10.0%. Bull 2: control 45.5%, FS 0%, CS 4.8%; P = 0.001].
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Figure 2. Pregnancy rate of Jersey heifers fixed timed artificially inseminated according the bull and type of semen
used (conventional or sexed). It was verified a bull effect (P = 0.001) and type of semen (P = 0.001).

Accordingly, the individual difference among bull is an important aspect to consider apply‐
ing the sex-sorted sperm use at livestock level, allowing the sire selection for higher per‐
formance after sexing. Also, it is essential to highlight that this sire effect is one of the most
important obstacle to the use of sexed semen in large scale.

6. Use of sex-sorted sperm in superovulation protocol for embryo
production

The use of sex sorted sperm in reproduction program using superovulation to produce fe‐
male calf in dairy farms or male in beef farms have been used progressively. Our research
group has studied this aspect in Nelore (Bos indicus) cows superovulated and inseminated
with sex-sorted sperm. Animals were synchronized at Day 0 with norgestomet ear implant
(Crestar®, MSD) with 2 mg of estradiol benzoate i.m. (Sincrodiol®, Ourofino). The follicle su‐
per stimulation was done was induced with 8 decreasing doses of pFSH (12/12 h) beginning
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on Day 4). On Day 6, was given PGF2α analog (Sincrocio®, Ourofino). The ear implant was
removed 36 h after the PGF2α analog administration, with the application of LH (Luteotro‐
pin) 48 h after PGF2α analog. The TAI with sex-sorted (4,2x106 cell/AI) or non sex-sorted
sperm (40x106 cell/AI) was performed at 12 and 24 h after LH injection. For TAI, it was used
semen from same sire. The experimental design used was crossover to avoid individual var‐
iation among donors. The Table 6 summarizes the experiment described, demonstrating a
decreasing on fresh and frozen embryos, fresh and frozen embryo rate and an increasing on
the unfertilized embryos when using sex-sorted sperm. The accuracy on the use of the sexed
semen to produce the desired sex was 90% with pregnancy diagnosis 60 days after TAI. The
conventional semen produced 52.7% of females.

Non sex-sorted sperm

(n = 10)

Sex-sorted sperm (n =

10)
Trat Rep Trat vs. Rep

Total of structures (n) 9.90 ± 0.78 8.40 ± 1.40 0.28 0.81 0.71

Transferable embryos (Grade 1,

2 and 3; n)
6.80 ± 0.66 4.20 ± 0.74 0.03 0.88 0.88

Frozen embryos (Grade 1 and 2;

n)
5.9 ± 0.71 3.50 ± 0.65 0.03 0.43 0.99

Unfertilized oocyte (n) 1.50 ± 0.48 3.70 ± 0.88 0.01 0.82 0.46

Degenerate (n) 1.60 ± 0.37 0.50 ± 0.16 0.04 0.54 0.78

Transferable embryo rate (%) 68.70 ± 6.30 50.00 ± 5.10 0.01 0.68 0.54

Frozen embryo rate (%) 59.60 ± 5.10 41.70 ± 5.20 0.02 0.32 0.73

Table 6. Embryo production of superovulated Nelore cows (Bos indicus) and inseminated in fixed time with sex-sorted
or non sex-sorted sperm.

In a study by our group research [66], we evaluated different intervals for TAI with sex-sort‐
ed sperm after pLH treatment in Bos indicus and Bos taurus donors. The hypothesis was that
increased embryo production would occur when TAI with sex-sorted sperm was performed
closer to the time synchronized ovulations occurred. In the first experiment, hormonal su‐
perstimulation of ovarian follicular development in Nelore donors (n = 71) was performed
in randomly allocated animals to one of three treatment groups, and they were inseminated
at 12 and 24 h after an ovulatory stimulus with pLH treatment was applied, either with sex-
sorted (4.2 x 106 sperm/insemination; S12/24; n = 17) or non-sorted sperm (20 x 106 sperm/
insemination; NS12/24; n = 18), or they were inseminated at 18 and 30 h using sex-sorted
sperm (4.2 x 106 sperm/insemination; S18/30; n = 19). A greater number of transferable em‐
bryos were found when sex-sorted sperm was used to inseminate the animals at 18 and 30 h
compared to insemination at 12 and 24 h. However, a greater embryo production was ob‐
tained with non-sorted sperm (results are summarized on Table 7).

Additionally, Soares et al. [66] used the same insemination times and semen types in lactat‐
ing high-production Holstein cows (n = 12). A crossover design was employed in this trial.
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variation in the physic-chemical semen properties of the individual bull. A study [65] to ver‐
ify the fertilizing potential of sex-sorted frozen-thawed bull sperm transported cooled or fro‐
zen to the sorting facility, has shown a bull effect on the pregnancy rate after AI [Bull 1:
conventional semen (control) 63.0%; previously frozen (FS) 8.6%; previously cooled (CS)
10.0%. Bull 2: control 45.5%, FS 0%, CS 4.8%; P = 0.001].
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Figure 2. Pregnancy rate of Jersey heifers fixed timed artificially inseminated according the bull and type of semen
used (conventional or sexed). It was verified a bull effect (P = 0.001) and type of semen (P = 0.001).

Accordingly, the individual difference among bull is an important aspect to consider apply‐
ing the sex-sorted sperm use at livestock level, allowing the sire selection for higher per‐
formance after sexing. Also, it is essential to highlight that this sire effect is one of the most
important obstacle to the use of sexed semen in large scale.

6. Use of sex-sorted sperm in superovulation protocol for embryo
production

The use of sex sorted sperm in reproduction program using superovulation to produce fe‐
male calf in dairy farms or male in beef farms have been used progressively. Our research
group has studied this aspect in Nelore (Bos indicus) cows superovulated and inseminated
with sex-sorted sperm. Animals were synchronized at Day 0 with norgestomet ear implant
(Crestar®, MSD) with 2 mg of estradiol benzoate i.m. (Sincrodiol®, Ourofino). The follicle su‐
per stimulation was done was induced with 8 decreasing doses of pFSH (12/12 h) beginning
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on Day 4). On Day 6, was given PGF2α analog (Sincrocio®, Ourofino). The ear implant was
removed 36 h after the PGF2α analog administration, with the application of LH (Luteotro‐
pin) 48 h after PGF2α analog. The TAI with sex-sorted (4,2x106 cell/AI) or non sex-sorted
sperm (40x106 cell/AI) was performed at 12 and 24 h after LH injection. For TAI, it was used
semen from same sire. The experimental design used was crossover to avoid individual var‐
iation among donors. The Table 6 summarizes the experiment described, demonstrating a
decreasing on fresh and frozen embryos, fresh and frozen embryo rate and an increasing on
the unfertilized embryos when using sex-sorted sperm. The accuracy on the use of the sexed
semen to produce the desired sex was 90% with pregnancy diagnosis 60 days after TAI. The
conventional semen produced 52.7% of females.

Non sex-sorted sperm

(n = 10)

Sex-sorted sperm (n =

10)
Trat Rep Trat vs. Rep

Total of structures (n) 9.90 ± 0.78 8.40 ± 1.40 0.28 0.81 0.71

Transferable embryos (Grade 1,

2 and 3; n)
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Frozen embryos (Grade 1 and 2;

n)
5.9 ± 0.71 3.50 ± 0.65 0.03 0.43 0.99

Unfertilized oocyte (n) 1.50 ± 0.48 3.70 ± 0.88 0.01 0.82 0.46

Degenerate (n) 1.60 ± 0.37 0.50 ± 0.16 0.04 0.54 0.78

Transferable embryo rate (%) 68.70 ± 6.30 50.00 ± 5.10 0.01 0.68 0.54

Frozen embryo rate (%) 59.60 ± 5.10 41.70 ± 5.20 0.02 0.32 0.73

Table 6. Embryo production of superovulated Nelore cows (Bos indicus) and inseminated in fixed time with sex-sorted
or non sex-sorted sperm.

In a study by our group research [66], we evaluated different intervals for TAI with sex-sort‐
ed sperm after pLH treatment in Bos indicus and Bos taurus donors. The hypothesis was that
increased embryo production would occur when TAI with sex-sorted sperm was performed
closer to the time synchronized ovulations occurred. In the first experiment, hormonal su‐
perstimulation of ovarian follicular development in Nelore donors (n = 71) was performed
in randomly allocated animals to one of three treatment groups, and they were inseminated
at 12 and 24 h after an ovulatory stimulus with pLH treatment was applied, either with sex-
sorted (4.2 x 106 sperm/insemination; S12/24; n = 17) or non-sorted sperm (20 x 106 sperm/
insemination; NS12/24; n = 18), or they were inseminated at 18 and 30 h using sex-sorted
sperm (4.2 x 106 sperm/insemination; S18/30; n = 19). A greater number of transferable em‐
bryos were found when sex-sorted sperm was used to inseminate the animals at 18 and 30 h
compared to insemination at 12 and 24 h. However, a greater embryo production was ob‐
tained with non-sorted sperm (results are summarized on Table 7).

Additionally, Soares et al. [66] used the same insemination times and semen types in lactat‐
ing high-production Holstein cows (n = 12). A crossover design was employed in this trial.
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A lesser embryo production (0.007) was found in Holstein donors that were inseminated us‐
ing sex-sorted sperm at 12 and 24 h compared to non-sorted sperm. However, intermediate
results were obtained when the inseminations with sex-sorted sperm were performed at 18
and 30 h (Table 8).

Treatments P value

Conventional

12/24

Sexed

12/24

Sexed

18/30

Number of cows 17 18 19 ----

Total ova/embryos 8.0 ± 3.2 7.1 ± 3.3 9.0 ± 3.8 0.14

Transferable embryos (n) 6.8 ± 2.6a 2.4 ± 1.8c 4.5 ± 3.0b < 0.001

Transferable embryos (%)d 86.1 ± 11.9a 37.3 ± 26.7c 48.2 ± 25.9b < 0.001

Freezable embryos (n) 6.0 ± 2.4a 2.0 ± 1.4c 3.7 ± 2.8b < 0.001

Freezable embryos (%)e 76.3 ± 19.2a 31.8 ± 24.5c 38.0 ± 26.5b < 0.001

Degenerate embryos 0.7 ± 0.7 0.9 ± 1.6 1.6 ± 2.1 0.05

Unfertilized oocytes 0.5 ± 0.7a 3.7 ± 3.6b 2.9 ± 2.6b < 0.001

Table 7. Rows with different superscripts (a, b, e) indicate P < 0.05. d Percentage of transferable embryos based on the
number of ova/embryos recovered. e Percentage of freezable embryos based on the number of ova/embryos
recovered.Adapted from Soares et al. [66].Embryo production of Nelore cows (Bos indicus) superovulated and
inseminated in different times with conventional or sexed semen.

Treatments P value

Conventional

12/24

Sexed

12/24

Sexed

18/30

Number of cows 11 11 11 ----

Total ova/embryos 10.4 ± 3.4 11.3 ± 4.4 12.4 ± 3.8 0.40

Transferable embryos (n) 8.7 ± 2.8a 4.6 ± 3.0b 6.4 ± 3.1ab 0.007

Transferable embryos

(%)d
85.9 ± 14.0a 40.7 ± 21.3c 54.2 ± 23.2b < 0.001

Freezable embryos (n) 6.9 ± 1.8a 3.2 ± 1.8b 5.4 ± 3.4ab 0.007

Freezable embryos (%)e 69.9 ± 16.8a 29.9 ± 15.5c 45.3 ± 26.6b < 0.001

Degenerate embryos 0.7 ± 0.9 1.4 ± 1.8 1.3 ± 1.7 0.43

Unfertilized oocytes 0.9 ± 1.4a 5.2 ± 3.1b 4.6 ± 2.6b 0.0003

Table 8. Rows with different superscripts (a, b, c) indicate P < 0.05. d Percentage of transferable embryos based on the
number of ova/embryos recovered. e Percentage of freezable embryos based on the number of ova/embryos
recovered.Adapted from Soares et al. [66].Embryo production of Holstein cows (Bos Taurus) superovulated and
inseminated in different times with conventional or sexed semen.
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Briefly, it is possible to improve embryo production using sex-sorted sperm in Bos indicus
and Bos taurus superstimulated donors when the inseminations are performed near the same
time as time-synchronized ovulations. However, the embryo production for TAI with sex-
sorted sperm was still less than the production with non-sorted sperm.

7. Strategies to increase the pregnancy in TAI with sex-sorted sperm

After determining the best moment to perform the TAI with sex-sorted sperm, some studies
were conducted aiming to verify the effect estrus expression and follicle diameter at the mo‐
ment of TAI on the conception rate. Earlier studies have demonstrated that females display‐
ing estrus before TAI have better ovarian responses [67] and with bigger follicle size at the
moment of TAI [68] have better conception rate when AI is performed with conventional se‐
men. When using this method of the follicle size on TAI with sex-sorted sperm [31], there is
an interaction (P = 0.02) between the type of semen and the size of the dominant follicle
[conventional ≥ 8mm = 58.9% (126/214); conventional < 8mm = 49.5% (101/204); sexed semen
≥ 8mm = 56.8% (134/236) and sexed semen < 8mm = 31.2% (59/189)]. In this study, it was
verified that the difference between the type of semen used (conventional vs. sexed) on the
pregnancy probability at 30 days, decrease according the dominant follicle size increase at
TAI (P = 0.001).

There is an influence of the number of services with sex sorted sperm and the conception
rate in heifers. It was observed by Sá filho et al. [7] working with Jersey heifers (n = 573)
showed that P/AI was influenced by the number of AI service (First, 115/208 = 55.3%a; Sec‐
ond, 94/204 = 46.1%a; and Third, 57/165 = 34.8%b; P = 0.004). Similar results were achieved in
a study by Dejarnette et al. [30] where pregnancy rate reduced in heifers with more AI serv‐
ice (First = 47%, Second = 39%, and Third = 32%). Thus, heifers which use to fail in the first
AI probably will have their pregnancy rate compromised in the later services.

Vazquez et al. [69] in an interesting review, states that the sex-sorted spermatozoa are
‘weakened’ by the process, giving them a short functional lifespan. Consequently, new AI
strategies are necessary in order to achieve high pregnancy rates with a low dose of sex-sort‐
ed spermatozoa. The deposition of the spermatozoa higher in the reproductive tract, com‐
pared with conventional AI, allows a greater proportion of spermatozoa to survive and
colonize the oviduct. Therefore, fewer spermatozoa are necessary to achieve the same proba‐
bility of fertility than with a dose deposited in a lower part of the reproductive tract, espe‐
cially when weak spermatozoa are inseminated. However, in a recent study, Sá Filho et al.
[31] compared the conception rate of a total of 200 suckled cows presenting LF ≥ 9 mm at
TAI were randomly assigned to receive sex-sorted sperm deposited into the uterine body (n
= 100) or into the uterine horn ipsilateral to the recorded LF (n = 100). No effect of deeper
artificial insemination on P/AI was found (P = 0.57). Several studies have been performed to
evaluate the effect of uterine horn insemination [70-77]. The majority of those previous re‐
sults support the idea that site of semen deposition would play little to no role in P/AI.
However, due to the presumably reduced viability of sexed sperm, the insemination closer
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A lesser embryo production (0.007) was found in Holstein donors that were inseminated us‐
ing sex-sorted sperm at 12 and 24 h compared to non-sorted sperm. However, intermediate
results were obtained when the inseminations with sex-sorted sperm were performed at 18
and 30 h (Table 8).
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Number of cows 17 18 19 ----
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Transferable embryos (n) 6.8 ± 2.6a 2.4 ± 1.8c 4.5 ± 3.0b < 0.001

Transferable embryos (%)d 86.1 ± 11.9a 37.3 ± 26.7c 48.2 ± 25.9b < 0.001

Freezable embryos (n) 6.0 ± 2.4a 2.0 ± 1.4c 3.7 ± 2.8b < 0.001

Freezable embryos (%)e 76.3 ± 19.2a 31.8 ± 24.5c 38.0 ± 26.5b < 0.001

Degenerate embryos 0.7 ± 0.7 0.9 ± 1.6 1.6 ± 2.1 0.05

Unfertilized oocytes 0.5 ± 0.7a 3.7 ± 3.6b 2.9 ± 2.6b < 0.001

Table 7. Rows with different superscripts (a, b, e) indicate P < 0.05. d Percentage of transferable embryos based on the
number of ova/embryos recovered. e Percentage of freezable embryos based on the number of ova/embryos
recovered.Adapted from Soares et al. [66].Embryo production of Nelore cows (Bos indicus) superovulated and
inseminated in different times with conventional or sexed semen.
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Conventional
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Total ova/embryos 10.4 ± 3.4 11.3 ± 4.4 12.4 ± 3.8 0.40

Transferable embryos (n) 8.7 ± 2.8a 4.6 ± 3.0b 6.4 ± 3.1ab 0.007

Transferable embryos

(%)d
85.9 ± 14.0a 40.7 ± 21.3c 54.2 ± 23.2b < 0.001

Freezable embryos (n) 6.9 ± 1.8a 3.2 ± 1.8b 5.4 ± 3.4ab 0.007

Freezable embryos (%)e 69.9 ± 16.8a 29.9 ± 15.5c 45.3 ± 26.6b < 0.001

Degenerate embryos 0.7 ± 0.9 1.4 ± 1.8 1.3 ± 1.7 0.43

Unfertilized oocytes 0.9 ± 1.4a 5.2 ± 3.1b 4.6 ± 2.6b 0.0003

Table 8. Rows with different superscripts (a, b, c) indicate P < 0.05. d Percentage of transferable embryos based on the
number of ova/embryos recovered. e Percentage of freezable embryos based on the number of ova/embryos
recovered.Adapted from Soares et al. [66].Embryo production of Holstein cows (Bos Taurus) superovulated and
inseminated in different times with conventional or sexed semen.
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Briefly, it is possible to improve embryo production using sex-sorted sperm in Bos indicus
and Bos taurus superstimulated donors when the inseminations are performed near the same
time as time-synchronized ovulations. However, the embryo production for TAI with sex-
sorted sperm was still less than the production with non-sorted sperm.

7. Strategies to increase the pregnancy in TAI with sex-sorted sperm

After determining the best moment to perform the TAI with sex-sorted sperm, some studies
were conducted aiming to verify the effect estrus expression and follicle diameter at the mo‐
ment of TAI on the conception rate. Earlier studies have demonstrated that females display‐
ing estrus before TAI have better ovarian responses [67] and with bigger follicle size at the
moment of TAI [68] have better conception rate when AI is performed with conventional se‐
men. When using this method of the follicle size on TAI with sex-sorted sperm [31], there is
an interaction (P = 0.02) between the type of semen and the size of the dominant follicle
[conventional ≥ 8mm = 58.9% (126/214); conventional < 8mm = 49.5% (101/204); sexed semen
≥ 8mm = 56.8% (134/236) and sexed semen < 8mm = 31.2% (59/189)]. In this study, it was
verified that the difference between the type of semen used (conventional vs. sexed) on the
pregnancy probability at 30 days, decrease according the dominant follicle size increase at
TAI (P = 0.001).

There is an influence of the number of services with sex sorted sperm and the conception
rate in heifers. It was observed by Sá filho et al. [7] working with Jersey heifers (n = 573)
showed that P/AI was influenced by the number of AI service (First, 115/208 = 55.3%a; Sec‐
ond, 94/204 = 46.1%a; and Third, 57/165 = 34.8%b; P = 0.004). Similar results were achieved in
a study by Dejarnette et al. [30] where pregnancy rate reduced in heifers with more AI serv‐
ice (First = 47%, Second = 39%, and Third = 32%). Thus, heifers which use to fail in the first
AI probably will have their pregnancy rate compromised in the later services.

Vazquez et al. [69] in an interesting review, states that the sex-sorted spermatozoa are
‘weakened’ by the process, giving them a short functional lifespan. Consequently, new AI
strategies are necessary in order to achieve high pregnancy rates with a low dose of sex-sort‐
ed spermatozoa. The deposition of the spermatozoa higher in the reproductive tract, com‐
pared with conventional AI, allows a greater proportion of spermatozoa to survive and
colonize the oviduct. Therefore, fewer spermatozoa are necessary to achieve the same proba‐
bility of fertility than with a dose deposited in a lower part of the reproductive tract, espe‐
cially when weak spermatozoa are inseminated. However, in a recent study, Sá Filho et al.
[31] compared the conception rate of a total of 200 suckled cows presenting LF ≥ 9 mm at
TAI were randomly assigned to receive sex-sorted sperm deposited into the uterine body (n
= 100) or into the uterine horn ipsilateral to the recorded LF (n = 100). No effect of deeper
artificial insemination on P/AI was found (P = 0.57). Several studies have been performed to
evaluate the effect of uterine horn insemination [70-77]. The majority of those previous re‐
sults support the idea that site of semen deposition would play little to no role in P/AI.
However, due to the presumably reduced viability of sexed sperm, the insemination closer
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to the site of ovulation would potentially provide better results [64, 78]. Also, it is important
to mention that in most of those studies, the cornual inseminations were performed by de‐
positing half of the semen straw into the right horn and the other half into the left horn. In
the Sá Filho et al. [31] study, the insemination was performed with the full dose in the ute‐
rine horn ipsilateral to the expected side of ovulation. Despite these differences, similar P/AI
was found when comparing inseminations performed in the horn or in the body of the ute‐
rus, which agrees with those previous results with conventional semen.

8. Conclusion

The sex sorting process by flow cytometry is aggressive to the spermatozoa, compromising
the viability of these cells. Thus, some adjustments in the mode of use the sexed semen in AI
have to be done to improve the tangibility in reproductive programs at livestock level. Ad‐
justments in the AI moment in relation to the estrus beginning improve the conception rate.
The results of the studies presented, indicates that beef and dairy heifers inseminated with
sex-sorted sperm after estrus detection have satisfactory conception rate, and the AI has to
be done between 16 to 24 h after the estrus commencement (6 to 14 h before ovulation). Al‐
so, when using synchronization of ovulation protocols for TAI in beef and dairy cows, ac‐
ceptable conception rate is obtained when TAI is done at 60 h after P4 device removal (10 h
before ovulation). Additionally, there is a huge individual variation of fertility among se‐
men of sires submitted to the sexing process, and has to be considered at the moment of bull
choosing in AI programs.
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to the site of ovulation would potentially provide better results [64, 78]. Also, it is important
to mention that in most of those studies, the cornual inseminations were performed by de‐
positing half of the semen straw into the right horn and the other half into the left horn. In
the Sá Filho et al. [31] study, the insemination was performed with the full dose in the ute‐
rine horn ipsilateral to the expected side of ovulation. Despite these differences, similar P/AI
was found when comparing inseminations performed in the horn or in the body of the ute‐
rus, which agrees with those previous results with conventional semen.

8. Conclusion

The sex sorting process by flow cytometry is aggressive to the spermatozoa, compromising
the viability of these cells. Thus, some adjustments in the mode of use the sexed semen in AI
have to be done to improve the tangibility in reproductive programs at livestock level. Ad‐
justments in the AI moment in relation to the estrus beginning improve the conception rate.
The results of the studies presented, indicates that beef and dairy heifers inseminated with
sex-sorted sperm after estrus detection have satisfactory conception rate, and the AI has to
be done between 16 to 24 h after the estrus commencement (6 to 14 h before ovulation). Al‐
so, when using synchronization of ovulation protocols for TAI in beef and dairy cows, ac‐
ceptable conception rate is obtained when TAI is done at 60 h after P4 device removal (10 h
before ovulation). Additionally, there is a huge individual variation of fertility among se‐
men of sires submitted to the sexing process, and has to be considered at the moment of bull
choosing in AI programs.
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Chapter 4

Fertility Results After Artificial Insemination with Bull
Semen Frozen with Low Density Lipoprotein Extender

L. Briand-Amirat, D. Bencharif, S. Pineau and
D. Tainturier

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51868

1. Introduction

The freezing process exposes the spermatozoa to thermal shock, which results in damage to
the plasma membrane and acrosome [1, 2]. Various extenders have been tested in an at‐
tempt to limit cellular injury. Egg yolk is the most widely used of these extenders by artifi‐
cial insemination centres. Many demands were formulated to replace egg yolk in extenders
by it’s cryoprotector factor. In recent years, centrifugation techniques have enabled the isola‐
tion of the LDL(Low Density Lipoproteins) that are responsible for the cryopreservative ef‐
fect of egg yolk [3,4,5]. The incorporation of LDL in bovine extenders has given improved
motility results in comparison with extenders containing egg yolk [5,6,7]. However, to ex‐
tend the use of this new LDL-based extender to insemination centres, a fertility study was
essential. Fertility can either be assessed in the laboratory using in vitro fertilisation tests or
by artificial insemination in the field [8]. The latter provides the most reliable means of as‐
sessing semen fertility following freezing and thawing. In vitro fertility results have already
been published [6]; blastocysts were obtained after 7 days of in vitro culture from oocytes
collected from abattoirs, matured, and then fertilised in vitro with spermatozoa that had
been frozen-thawed in the LDL extender. An in vitro study is insufficient to assess the fertili‐
ty of semen that has been frozen in the LDL extender, an in vivo field study was therefore
necessary.

In vivo fertility of bull semen that had been frozen-thawed in the LDL extender was as‐
sessed. A widely available, standard extender (Tris-egg yolk) was used as a control. Cows
were thus inseminated with semen that had been frozen-thawed in the LDL extender; preg‐
nancy diagnoses were undertaken to assess the maintenance of fertility.

© 2013 Briand-Amirat et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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1.1. Collection of semen, dilution and processing

Two extenders were used; Tris-egg yolk extender (T-EY)): 20 ml of chicken egg yolk and
LDL extender: 8% LDL (w/v) in accordance with the method described by Moussa et al.
(2002) (patent n° 0100292) [5]. The extenders were thawed on the day of sampling and main‐
tained at 37°C. Three bulls belonging to an artificial insemination centre and that had been
approved for public use, were used. All three had a recorded progeny. Using the Laicophos®

extender, the artificial insemination centre had a non-return rate at 60-90d of 64.7% for Bull
1, 57.2% for Bull 2, and 72.2% for Bull 3. The semen was collected using an artificial vagina.
To excite the bulls, they were teased with a Normandy cow for thirty minutes prior to sam‐
pling. The semen was collected into a glass tube that had been previously warmed to 37°C.
Following collection, the ejaculates were immediately placed in a water bath at 37°C. Each
ejaculate was divided into two equal fractions. Each fraction was immediately diluted to 100
x 106 spz/ml with the two extenders that had been previously warmed to 37°C, and then
subjected to progressive cooling from 37°C to +4°C over 1h and 30 in a refrigerated unit be‐
fore being placed into straws. The semen was maintained in equilibrium for 4 hours at +4°C.
The straws were held for 10 minutes at +4 cm from the surface of the liquid nitrogen
(-120°C) before being immersed and then stored in liquid nitrogen (-196°C).

1.2. Semen evaluation before artificial insemination in the field

Before inseminating the cows, semen was evaluated on motility and plasma membrane in‐
tegrity. The semen was analysed using the Hamilton-Thorne sperm analyser with the
CEROS 12 software program, Hamilton-Thorne biosciences, Inc, Beverly, USA. The machine
had been previously configured for the analysis of bovine semen. The following parameters
were studied: motility (% mobile spermatozoa), straight line velocity: VSL (μm/sec.), curvi‐
linear velocity: VCL (μm/sec.), the linearity index: LIN (= VSL/VCL x 100), amplitude of lat‐
eral head displacement: ALH (μm), and average path velocity: VAP (μm/sec). VAP, VSL,
STR, and LIN provide information about the progressive movements of the spermatozoa,
VCL and ALH characterise the lateral movements, and BCF (Beat Croix Frequency) pro‐
vides information about the frequency of movements.

The post-thaw percentage of  motile  spermatozoa was greater  in  the LDL extender than
in the Tris-egg yolk extender (table 1). The proportion of motile spermatozoa was nearly
twice as high in the LDL extender, 58.3% vs. 46% in the Tris-egg yolk (table 1). To eval‐
uate  plasma  membrane  integrity,  semen  was  added  to  an  hypo-osmotic  solution  (100
mOsm/kg H2O).  The spermatozoa was observed under a phase-contrast  microscope and
classified  as  positive  or  negative.  Positive  spermatozoa  (plasma  membrane  intact)  tail
swollen  and  /  or  curled:.  Negative  spermatozoa  (plasma  membrane  damaged)  tail  not
curled.  No significant  difference  (table  2)  was  found between the  semen that  had been
frozen-thawed in the LDL and Tris-egg yolk extenders. The results of the motility analy‐
sis and plasma membrane integrity demonstrated that the semen could be used by stock
breeders for artificial insemination.
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2. Assesment of in vivo fertility after AI of the cows

One hundred and ninety-three females from 83 different herds were inseminated by three
inseminators with 25 years of experience. The females included in the study were from dairy
or suckler herds with a Calving to First Insemination Interval (CFI) of more than 60 days,
heifers over 18 months old, and first inseminations only. For each insemination, the follow‐
ing data was recorded: date of insemination, herd number, the animal’s identification num‐
ber, breed, lactation or calving index, date of the previous calving if relevant, condition
score, the bull used, and the extender used. The pregnancy diagnoses were conducted by re‐
cording returns to oestrus and trans-rectal palpation between the 65th and 150th day of gesta‐
tion. This data is summarised in table 3. Pregnancies can be obtained in the field following
the artificial insemination of cows with semen that has been frozen and thawed in the LDL
extender. However, no significant difference could be found between the LDL extender and
the Tris egg yolk extender in terms of the success rates of insemination (Table 4).

LDL 8% Triladyl

Motile spermatozoa (%) 58.3 ± 16.7 46.0 ± 18.2

Rapid (%) 45.3 ± 14.2 27.0 ± 12.3

Average (%) 5.7 ± 3.1 7.7± 2.5

Slow (%) 7.3 ± 3.2 11.3±4.5

Static (%) 43.7 ± 5.5 54.0± 15.1

Hyperactive (%) 5.3 ± 2.1 6.3 ± 5.9

Progressive (%) 34.7 ± 4.0 16.0 ± 6.1

VAP (µm/sec.) 83.5 ± 7.7 71.0 ± 5.3

VSL (µm/sec.) 66.6 ± 9.2 57.3 ± 6.3

LIN (%) 60.7 ± 1.5 58.3± 5.5

STR (%) 82.0 ± 1.7 79.7± 3.2

VCL (µm/sec.) 104.1± 28.6 99.9 ± 5.8

ALH (µm) 4.3 ± 0.3 4.6 ± 1.1

Table 1. Results of the motility of bovine spermatozoa following freezing and thawing in the LDL extender and in the
Tris-egg yolk extender obtained using the Hamilton Thorne image analyser (n=3).The results given are the means ±
standard deviation of the motility characteristics recorded for the three bulls.
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or suckler herds with a Calving to First Insemination Interval (CFI) of more than 60 days,
heifers over 18 months old, and first inseminations only. For each insemination, the follow‐
ing data was recorded: date of insemination, herd number, the animal’s identification num‐
ber, breed, lactation or calving index, date of the previous calving if relevant, condition
score, the bull used, and the extender used. The pregnancy diagnoses were conducted by re‐
cording returns to oestrus and trans-rectal palpation between the 65th and 150th day of gesta‐
tion. This data is summarised in table 3. Pregnancies can be obtained in the field following
the artificial insemination of cows with semen that has been frozen and thawed in the LDL
extender. However, no significant difference could be found between the LDL extender and
the Tris egg yolk extender in terms of the success rates of insemination (Table 4).

LDL 8% Triladyl

Motile spermatozoa (%) 58.3 ± 16.7 46.0 ± 18.2

Rapid (%) 45.3 ± 14.2 27.0 ± 12.3

Average (%) 5.7 ± 3.1 7.7± 2.5

Slow (%) 7.3 ± 3.2 11.3±4.5

Static (%) 43.7 ± 5.5 54.0± 15.1

Hyperactive (%) 5.3 ± 2.1 6.3 ± 5.9

Progressive (%) 34.7 ± 4.0 16.0 ± 6.1

VAP (µm/sec.) 83.5 ± 7.7 71.0 ± 5.3

VSL (µm/sec.) 66.6 ± 9.2 57.3 ± 6.3

LIN (%) 60.7 ± 1.5 58.3± 5.5

STR (%) 82.0 ± 1.7 79.7± 3.2

VCL (µm/sec.) 104.1± 28.6 99.9 ± 5.8

ALH (µm) 4.3 ± 0.3 4.6 ± 1.1

Table 1. Results of the motility of bovine spermatozoa following freezing and thawing in the LDL extender and in the
Tris-egg yolk extender obtained using the Hamilton Thorne image analyser (n=3).The results given are the means ±
standard deviation of the motility characteristics recorded for the three bulls.
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Extender Total spermatozoa (n)
Swollen spermatozoa (intact)

(n) (%)

LDL 8% 1296 542 41.8

Tris-Egg yolk 1314 559 42.5

Table 2. The effect of LDL and Tris-egg yolk extenders on the integrity of spermatozoal plasma membranes according
to the HOS test N = sum of spermatozoa taken from Bulls 1, 2, and 3.

Characteristics

of the population

LDL

n=98

Tris egg yolk

n=95

Breeds

Holstein

Normandy

Charolais

Charolais cross

Aubrac

n=67

n=22

n=7

n=1

n=1

n=81

n=5

n=9

Lactation

index

Mean ± standard dev.

0

1

2

3

4

"/>4

1.6 ± 1.9

n=29

n=28

n=20

n=9

n=6

n=6

1.5 ± 1.5

n=31

n=24

n=19

n=12

n=5

n=4

Condition score

(mean ± standard deviation)
3.0 ± 0.2 3.0 ± 0.3

Calving to first insemination interval in days

(mean ± standard deviation)

94 ± 25

(1 CFI not given)

95 ± 32

(1 CFI not given)

Table 3. Characteristics of the study population for each extender

Extender
Cows inseminated

(N)

Positive pregnancy

diagnosis
Not pregnant

Success rate at

insemination (%)

LDL 98 58 40 59.2

Tris-Egg yolk 95 62 33 65.3

Table 4. Effect of the extender used for freezing the semen on the success rate at insemination (as a %)

3. Is there a correlation between motility and fertility?

Pregnancies were obtained following the artificial insemination of cows with semen that
has  been  frozen-thawed  in  an  LDL  extender  without  any  significant  difference  in  the
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success  rate  following  insemination  between  the  2  extenders.  The  initial  objective  was
not  to  demonstrate  the  superiority  of  the  LDL  extender,  but  to  demonstrate  its  effica‐
cy in the field in terms of  percentage gestation.  The success rates with artificial  insemi‐
nation  are  satisfactory  (table  3):  59.2%  for  the  LDL  extender  and  65.3%  for  the  Tris-
egg yolk extender.  In a previous study,  Amirat  et  al.2004 [6]  demonstrated that  fertility
was  maintained  in  vitro.  The  hypoosmotic  test  was  chosen  to  assess  plasma  mem‐
brane integrity  as  a  proven correlation has  been found between the results  of  the  HOS
test  and the  in  vivo  fertility  rate  [9];  the  HOS test  can therefore  be  used to  predict  fer‐
tility.  Plasma membrane integrity was maintained with both the LDL and Tris-egg yolk
extenders  (table  2).  These  results  concur  with  previous  studies  undertaken  in  the  bo‐
vine  species  [10,11].  Around  60%  of  the  spermatozoa  that  were  frozen-thawed  in  the
LDL  extender  presented  with  an  alteration  of  the  plasma  membrane,  whilst  around
40% of  the  spermatozoa  lost  their  motility.  The  percentage  of  spermatozoa  with  an  al‐
tered plasma membrane may be higher than to the percentage or  spermatozoa present‐
ing  with  a  loss  of  motility.  This  implies  that  a  certain  number  of  spermatozoa  may
retain  their  motility  with  a  damaged plasma membrane,  this  result  agree  with  that  re‐
ported by Salamon and Maxwell  (1995)  [11].  Nevertheless  it  is  unlikely  that  such sper‐
matozoa  would  be  capable  of  crossing  the  zona  pellucida.

Motility  results  demonstrate  that  the  percentage of  motile  spermatozoa following thaw‐
ing  is  superior  in  the  LDL  extender  in  comparison  with  the  Tris-egg  yolk  extender.
These results concur with the works of Moussa et al.  (2002) [5] and Amirat et al.  (2004)
[6].  However,  inter-individual  variability  on  the  motility  performances  following  thaw‐
ing  has  already  been  reported  by  Farrell  et  al.  (1998)  [12]  and  Holt  (2000)  [13].  The
results  obtained  do  not  make  it  possible  to  relate  the  motility  of  the  spermatozoa  to
fertility  due  to  the  insufficient  number  of  measurements.  No  study  has  demonstrated
a  precise  correlation  between  motility  parameters  and  fertility  in  cows.  In  cattle,  the
percentage of mobile spermatozoa, linearity (LIN),  and straight line velocity (VSL) seem
to  be  correlated  to  fertility  according  to  Budworth  et  al.  (1988)  [14],  and  Farrell  et  al.
(1998)[12].  The  average  path  velocity  (VAP),  curvilinear  velocity  (VCL),  and  the  fre‐
quency  of  tail  movements  (FTM),  also  appear  interesting  [12].  According  to  Liu  et  al.
(1991)  [15],  the  most  interesting  motility  parameters  in  human  semen  are  linearity
(LIN),  straight  line  velocity  (VSL),  and  the  percentage  of  rapid  spermatozoa.

4. What parameters could influence the AI success rate?

The  confirmation  of  pregnancies  were  performed  by  rectal  palpation  on  average  at
around  the  100th  day.  However,  embryonic  mortality  is  recorded  in  the  same  way  as
failure  of  fertilisation;  this  reduces  the  fertility  results  observed.  Ultrasonographic  preg‐
nancy  diagnosis  at  30  days  would  have  been  more  accurate  for  measuring  the  fertili‐
ty  of  the  semen  as  the  impact  of  embryonic  mortality  is  lower  between  D0  and  D30
than between D0 and D150.  Descoteaux et  al.  (2006)  [16]  thus  report  that  10% of  cows
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Extender Total spermatozoa (n)
Swollen spermatozoa (intact)

(n) (%)

LDL 8% 1296 542 41.8

Tris-Egg yolk 1314 559 42.5

Table 2. The effect of LDL and Tris-egg yolk extenders on the integrity of spermatozoal plasma membranes according
to the HOS test N = sum of spermatozoa taken from Bulls 1, 2, and 3.
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Extender
Cows inseminated

(N)

Positive pregnancy

diagnosis
Not pregnant

Success rate at

insemination (%)

LDL 98 58 40 59.2

Tris-Egg yolk 95 62 33 65.3

Table 4. Effect of the extender used for freezing the semen on the success rate at insemination (as a %)

3. Is there a correlation between motility and fertility?

Pregnancies were obtained following the artificial insemination of cows with semen that
has  been  frozen-thawed  in  an  LDL  extender  without  any  significant  difference  in  the
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success  rate  following  insemination  between  the  2  extenders.  The  initial  objective  was
not  to  demonstrate  the  superiority  of  the  LDL  extender,  but  to  demonstrate  its  effica‐
cy in the field in terms of  percentage gestation.  The success rates with artificial  insemi‐
nation  are  satisfactory  (table  3):  59.2%  for  the  LDL  extender  and  65.3%  for  the  Tris-
egg yolk extender.  In a previous study,  Amirat  et  al.2004 [6]  demonstrated that  fertility
was  maintained  in  vitro.  The  hypoosmotic  test  was  chosen  to  assess  plasma  mem‐
brane integrity  as  a  proven correlation has  been found between the results  of  the  HOS
test  and the  in  vivo  fertility  rate  [9];  the  HOS test  can therefore  be  used to  predict  fer‐
tility.  Plasma membrane integrity was maintained with both the LDL and Tris-egg yolk
extenders  (table  2).  These  results  concur  with  previous  studies  undertaken  in  the  bo‐
vine  species  [10,11].  Around  60%  of  the  spermatozoa  that  were  frozen-thawed  in  the
LDL  extender  presented  with  an  alteration  of  the  plasma  membrane,  whilst  around
40% of  the  spermatozoa  lost  their  motility.  The  percentage  of  spermatozoa  with  an  al‐
tered plasma membrane may be higher than to the percentage or  spermatozoa present‐
ing  with  a  loss  of  motility.  This  implies  that  a  certain  number  of  spermatozoa  may
retain  their  motility  with  a  damaged plasma membrane,  this  result  agree  with  that  re‐
ported by Salamon and Maxwell  (1995)  [11].  Nevertheless  it  is  unlikely  that  such sper‐
matozoa  would  be  capable  of  crossing  the  zona  pellucida.

Motility  results  demonstrate  that  the  percentage of  motile  spermatozoa following thaw‐
ing  is  superior  in  the  LDL  extender  in  comparison  with  the  Tris-egg  yolk  extender.
These results concur with the works of Moussa et al.  (2002) [5] and Amirat et al.  (2004)
[6].  However,  inter-individual  variability  on  the  motility  performances  following  thaw‐
ing  has  already  been  reported  by  Farrell  et  al.  (1998)  [12]  and  Holt  (2000)  [13].  The
results  obtained  do  not  make  it  possible  to  relate  the  motility  of  the  spermatozoa  to
fertility  due  to  the  insufficient  number  of  measurements.  No  study  has  demonstrated
a  precise  correlation  between  motility  parameters  and  fertility  in  cows.  In  cattle,  the
percentage of mobile spermatozoa, linearity (LIN),  and straight line velocity (VSL) seem
to  be  correlated  to  fertility  according  to  Budworth  et  al.  (1988)  [14],  and  Farrell  et  al.
(1998)[12].  The  average  path  velocity  (VAP),  curvilinear  velocity  (VCL),  and  the  fre‐
quency  of  tail  movements  (FTM),  also  appear  interesting  [12].  According  to  Liu  et  al.
(1991)  [15],  the  most  interesting  motility  parameters  in  human  semen  are  linearity
(LIN),  straight  line  velocity  (VSL),  and  the  percentage  of  rapid  spermatozoa.

4. What parameters could influence the AI success rate?

The  confirmation  of  pregnancies  were  performed  by  rectal  palpation  on  average  at
around  the  100th  day.  However,  embryonic  mortality  is  recorded  in  the  same  way  as
failure  of  fertilisation;  this  reduces  the  fertility  results  observed.  Ultrasonographic  preg‐
nancy  diagnosis  at  30  days  would  have  been  more  accurate  for  measuring  the  fertili‐
ty  of  the  semen  as  the  impact  of  embryonic  mortality  is  lower  between  D0  and  D30
than between D0 and D150.  Descoteaux et  al.  (2006)  [16]  thus  report  that  10% of  cows
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that  are  given  a  positive  pregnancy  diagnosis  at  28  days  present  with  embryonic  mor‐
tality  at  D60.  Nevertheless,  the  cows  included  in  the  present  study  were  selected  as  a
function  of  various  criteria  that  ensure  satisfactory  female  fertility,  which  explains  the
difference  in  fertility  recorded between  the  results  of  our  study  and those  reported  by
Barbat  et  al.  (2005)  [17]  and  Freret  et  al.  (2006)  [18].  These  studies  are  based  on  the
results  of  inseminations  conducted  over  a  given  period  by  insemination  centres,  with‐
out  any  selection  criteria  for  the  cows  used.  Female  fertility  was  therefore  inferior  to
that  observed  in  our  study.  The  observed  fertility  is  a  combination  of  the  fertility  of
the  male  and  female.

In addition to the many different diseases that can affect fertility,  other parameters may
influence  the  fertility  of  cows  as  breed  [17]  or  lactaction  index  [19].  In  the  study  de‐
scribed  here,  the  lactation  index  did  not  have  any  significant  effect  on  the  overall  AI
success  rate  (p<0.05).  However,  the  lactation  index  had  an  impact  for  the  LDL extend‐
er.  Superior  fertility  was  observed in  the  heifers,  followed by the  primiparous  cows.  A
reduction  in  fertility  was  seen  in  cows  with  a  lactation  index  of  2  or  3.  There  were
insufficient  numbers  of  cows  with  high  lactation  indexes  to  reveal  any  trends  (Table
6).  Milk production [18],  energy profile [20],  post-partum pathologies [21],  and the herd
effect  [19]  are  other  parameters  that  interfere  with  fertility  results.  Amman  and  Pick‐
ett  (1987)  [22]  show  that  to  measure  male  fertility  a  significant  number  of  insemina‐
tions  are  necessary  to  rule  out  variations  caused  by  female  fertility.  Van  Wagttendonk
de  Leeuw  et  al.  (2000)  [23]  demonstrate  that  to  detect  a  2%  difference  in  the  non-re‐
turn  rate,  with  a  confidence  interval  of  95%  and  a  statistical  power  of  80%,  6,600  in‐
seminations  are  needed  per  extender.  A  limited  population  of  193  cows  was
inseminated as  it  was  impossible  to  undertake  a  larger  scale  study due  to  the  difficul‐
ty  of  convincing  the  breeders  to  use  semen  that  had  been  frozen  and  thawed  in  an
extender  that  did  not  have  proven  in  vivo  efficacy.  The  population  was  divided  into
two relatively homogeneous groups (mean lactation index,  condition score,  CFI)  to  lim‐
it  variations in female fertility.  The inclusion criteria  could be improved:  it  would have
been  judicious  to  use  only  one  breed  to  limit  interbreed  fertility  differences  [17].  It
would  also  have  been  preferable  for  all  of  the  cows  to  have  the  same  lactation  in‐
dex.  The  milk  production  of  the  animals  affects  their  fertility  [18].  The  latter  was  not
recorded  as  some  of  the  farmers  in  this  study  did  not  keep  individual  milk  produc‐
tion records.  The use  of  condition scoring enables  any animals  that  are  in  negative  en‐
ergy  balance  to  be  excluded  [24].  The  bulls  were  chosen  on  the  basis  of  good
individual  fertility  and  on  the  presence  of  the  bulls  at  the  centre  at  the  time  of  se‐
men  collection.  The  bull  factor  did  not  exert  any  significant  difference  (p<0.05)  on  the
total  insemination  success  rate  (Table  5).  The  bull  effect  was  observed  in  the  sub-pop‐
ulation  of  cows  that  had  been  inseminated  with  the  semen  that  had  been  frozen-
thawed in  the  LDL extender  (p=0.019).  The semen from bull  2  that  had been frozen in
Tris-egg  yolk  was  significantly  more  fertile  than  that  which  had  been  frozen  in  the
LDL  (p=0.046).  The  variation  in  success  for  bull  3  was  due  to  the  small  number  of
cows  inseminated.  The  cows  were  taken  from  numerous  farms  and  we  did  not  al‐
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ways  have  intra-herd  paired  animals:  the  herd  effect  could  not  therefore  be  assessed.
In  this  study,  fewer  constraints  were  voluntary  imposed  on  the  inclusion  criteria  as
many  animals  as  possible  in  order  to  facilitate  the  task  of  the  inseminators.

The  inseminator  did  not  have  a  significant  influence  on  the  total  Insemination  Success
Rate,  with  a  threshold of  significance  of  p=0.05  (Table  5).  Inseminator  3  achieved high‐
er  insemination  success  rates  for  both  extenders  McKenna  et  al.  (1990)  [25]  calculated
the  inseminator  effect  at  ±  9.5  points.  The  animals  that  he  inseminated  were  on  aver‐
age  younger  with  a  higher  proportion  of  heifers.  Barbat  et  al.  (2005)  [17]  reported  su‐
perior  fertility  in  heifers  in  comparison  with  cows.

Percentage

success at

insemination

(%)

Inseminator 1 Inseminator 2 Inseminator 3

TOTAL

extender LDL T.E.Y LDL T.E.Y LDL T.E.Y

Bull 1

25.0(*). (**) 83.3(*) 72.2(**) 60.0 87.5(**) 62.5 82

n=12 n=12 n=11 n=15 n=16 n=16

Bull 2

38.5 73.3 36.4 41.7 50.0 90.0 71

n=13 n=15 n=11 n=12 n=10 n=10

Bull 3

88.2 50.0 50.0 25.0 50.0 100.0 40

n=17 n=8 n=2 n=4 n=6 n=3

TOTAL

54.8 71.4 54.2 48.4 68.7 75.8

193

n=42 n=35 n=24 n=31 n=32 n=31

*: significant difference between the two extenders for Bull 1 when the insemination was performed by inseminator 1
(p=0.002)

**: significant difference between the inseminators for Bull 1 with the LDL extender (p= 0.004)

Table 5. Insemination success rate (in %), details of the bulls and inseminators for each of the extenders, LDL and Tris
Egg Yolk (TEY)
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that  are  given  a  positive  pregnancy  diagnosis  at  28  days  present  with  embryonic  mor‐
tality  at  D60.  Nevertheless,  the  cows  included  in  the  present  study  were  selected  as  a
function  of  various  criteria  that  ensure  satisfactory  female  fertility,  which  explains  the
difference  in  fertility  recorded between  the  results  of  our  study  and those  reported  by
Barbat  et  al.  (2005)  [17]  and  Freret  et  al.  (2006)  [18].  These  studies  are  based  on  the
results  of  inseminations  conducted  over  a  given  period  by  insemination  centres,  with‐
out  any  selection  criteria  for  the  cows  used.  Female  fertility  was  therefore  inferior  to
that  observed  in  our  study.  The  observed  fertility  is  a  combination  of  the  fertility  of
the  male  and  female.

In addition to the many different diseases that can affect fertility,  other parameters may
influence  the  fertility  of  cows  as  breed  [17]  or  lactaction  index  [19].  In  the  study  de‐
scribed  here,  the  lactation  index  did  not  have  any  significant  effect  on  the  overall  AI
success  rate  (p<0.05).  However,  the  lactation  index  had  an  impact  for  the  LDL extend‐
er.  Superior  fertility  was  observed in  the  heifers,  followed by the  primiparous  cows.  A
reduction  in  fertility  was  seen  in  cows  with  a  lactation  index  of  2  or  3.  There  were
insufficient  numbers  of  cows  with  high  lactation  indexes  to  reveal  any  trends  (Table
6).  Milk production [18],  energy profile [20],  post-partum pathologies [21],  and the herd
effect  [19]  are  other  parameters  that  interfere  with  fertility  results.  Amman  and  Pick‐
ett  (1987)  [22]  show  that  to  measure  male  fertility  a  significant  number  of  insemina‐
tions  are  necessary  to  rule  out  variations  caused  by  female  fertility.  Van  Wagttendonk
de  Leeuw  et  al.  (2000)  [23]  demonstrate  that  to  detect  a  2%  difference  in  the  non-re‐
turn  rate,  with  a  confidence  interval  of  95%  and  a  statistical  power  of  80%,  6,600  in‐
seminations  are  needed  per  extender.  A  limited  population  of  193  cows  was
inseminated as  it  was  impossible  to  undertake  a  larger  scale  study due  to  the  difficul‐
ty  of  convincing  the  breeders  to  use  semen  that  had  been  frozen  and  thawed  in  an
extender  that  did  not  have  proven  in  vivo  efficacy.  The  population  was  divided  into
two relatively homogeneous groups (mean lactation index,  condition score,  CFI)  to  lim‐
it  variations in female fertility.  The inclusion criteria  could be improved:  it  would have
been  judicious  to  use  only  one  breed  to  limit  interbreed  fertility  differences  [17].  It
would  also  have  been  preferable  for  all  of  the  cows  to  have  the  same  lactation  in‐
dex.  The  milk  production  of  the  animals  affects  their  fertility  [18].  The  latter  was  not
recorded  as  some  of  the  farmers  in  this  study  did  not  keep  individual  milk  produc‐
tion records.  The use  of  condition scoring enables  any animals  that  are  in  negative  en‐
ergy  balance  to  be  excluded  [24].  The  bulls  were  chosen  on  the  basis  of  good
individual  fertility  and  on  the  presence  of  the  bulls  at  the  centre  at  the  time  of  se‐
men  collection.  The  bull  factor  did  not  exert  any  significant  difference  (p<0.05)  on  the
total  insemination  success  rate  (Table  5).  The  bull  effect  was  observed  in  the  sub-pop‐
ulation  of  cows  that  had  been  inseminated  with  the  semen  that  had  been  frozen-
thawed in  the  LDL extender  (p=0.019).  The semen from bull  2  that  had been frozen in
Tris-egg  yolk  was  significantly  more  fertile  than  that  which  had  been  frozen  in  the
LDL  (p=0.046).  The  variation  in  success  for  bull  3  was  due  to  the  small  number  of
cows  inseminated.  The  cows  were  taken  from  numerous  farms  and  we  did  not  al‐
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ways  have  intra-herd  paired  animals:  the  herd  effect  could  not  therefore  be  assessed.
In  this  study,  fewer  constraints  were  voluntary  imposed  on  the  inclusion  criteria  as
many  animals  as  possible  in  order  to  facilitate  the  task  of  the  inseminators.

The  inseminator  did  not  have  a  significant  influence  on  the  total  Insemination  Success
Rate,  with  a  threshold of  significance  of  p=0.05  (Table  5).  Inseminator  3  achieved high‐
er  insemination  success  rates  for  both  extenders  McKenna  et  al.  (1990)  [25]  calculated
the  inseminator  effect  at  ±  9.5  points.  The  animals  that  he  inseminated  were  on  aver‐
age  younger  with  a  higher  proportion  of  heifers.  Barbat  et  al.  (2005)  [17]  reported  su‐
perior  fertility  in  heifers  in  comparison  with  cows.

Percentage

success at

insemination

(%)

Inseminator 1 Inseminator 2 Inseminator 3

TOTAL

extender LDL T.E.Y LDL T.E.Y LDL T.E.Y

Bull 1

25.0(*). (**) 83.3(*) 72.2(**) 60.0 87.5(**) 62.5 82

n=12 n=12 n=11 n=15 n=16 n=16

Bull 2

38.5 73.3 36.4 41.7 50.0 90.0 71

n=13 n=15 n=11 n=12 n=10 n=10

Bull 3

88.2 50.0 50.0 25.0 50.0 100.0 40

n=17 n=8 n=2 n=4 n=6 n=3

TOTAL

54.8 71.4 54.2 48.4 68.7 75.8

193

n=42 n=35 n=24 n=31 n=32 n=31

*: significant difference between the two extenders for Bull 1 when the insemination was performed by inseminator 1
(p=0.002)

**: significant difference between the inseminators for Bull 1 with the LDL extender (p= 0.004)

Table 5. Insemination success rate (in %), details of the bulls and inseminators for each of the extenders, LDL and Tris
Egg Yolk (TEY)
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Lactation index LDL Tris egg yolk Total AI success rates

0
82.8(*) 61.3 71.6

n=29 n=31 n=60

1
53.6(*) 75.0 63.5

n=28 n=24 n=52

2 and 3
37.9(*) 61.3 50.0

n=29 n=31 n=60

≥4
66.7(*) 66.7 66.7

n=12 n=9 n=21

*: significant difference in the lactation index for the 8% LDL extender (p=0.005)

Table 6. Insemination success rates (in %) as a function of the lactation index

5. Conclusion

Although semen fertility was difficult to measure due to the various parameters that inter‐
vene causing variations in the results, this preliminary study enabled us to demonstrate for
the first time that bull semen that has been frozen then thawed in the LDL extender retains a
good level of fertility since gestations were obtained following artificial insemination. The
continuation of this study in a larger population would make it possible to specify the im‐
pact of the LDL extender on the success of artificial insemination.
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1. Introduction

The bulk of milk production in the world is supplied from the cows. Besides the fact that
genetic is the most important factor in a cow’s milk productivity; feeding and environmental
factors are also considered as crucial factors. Because of these points, calving and increasing
reproductive performance has become the most fundamental issue for milk industry. For
the animal breeders both having milk and obtaining a calf throughout a year is indispensa‐
ble. To accomplish this, there should not be a problem in a herd from the aspect of repro‐
duction. But many factors like diseases and environmental agents in cows in post partum
period cause decrease in fertility. Among the reasons of reduction in fertility; there are fac‐
tors like indetermination of estrus in time or detection of estrus in wrong time, premature
estrus, subestrus, anestrus, delaying of ovulation, failure of ovulation and fertilization, inad‐
equacy of communication between embryo and uterus, poor body condition score, heat
stress, dystocia, retained placenta, delayed uterine involution, metritis, endometritis, and
other illnesses. Although a great deal of studies has been done to lower the infertility caused
by these factors, this problem has not been eradicated completely up to these days [1-6].

The reasons mentioned above are associated with female animals and environmental condi‐
tions. Together with this, fertility is dependent not only to the female but also to the male.
There should not be a problem in male’s genital organs and the male must have the ability
to produce sperms to fertilize the ovum. If artificial insemination is carried out, morphologic
structures, numbers, motilities of the sperms should be normal [7-10].

Progestagens and Prostaglandin F2 alpha (PGF2α) have been used to prevent the disorders
related to estrus. But observation of estrus is necessary in both administrations. For this rea‐
son researchers have dealt with developing protocols without estrus observation. Ovula‐
tions have been synchronized with a method developed in Wisconsin University, and this
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method was named as Ovsynch. Later, this method has been modified by the combined use
of both progestagens and prostaglandins and many modified ovsynch protocols have been
derived [11-12].

Nowadays, one of the methods used by the veterinarians to increase the percentage of preg‐
nancy in cows is GnRH and hCG application just before the artificial insemination, together
with the insemination or 1st – 15th days after insemination because hormonal balance is very
crucial in early embryonic period. Nearly, 25% of cattle embryos die within the first three
weeks of pregnancy [4, 13-15]. In this period, continuation of progesterone release by corpus
luteum is vital for the life of embryo [16]. For this reason, researchers have strived to keep
the progesterone level sufficient enough in early pregnancy by administering GnRH and
hCG in different days of estrus cycle. hCG application is done to animals during the insemi‐
nation or luteal period in order to provide the rupture of Graafian follicle, to abolish func‐
tional insufficiencies of corpus luteum and to rise the endogenous progesterone production
to the most effective level, and as a result of these applications it has been stated that preg‐
nancy rate has increased in some studies [17-18]. In the same way, with the GnRH applica‐
tion before, during and post insemination in different days, it has been notified that
pregnancy rate has been increased by means of stimulating folliculogenesis, ovulation and
luteal structures [19-21].

The latest method to regulate maternal and fetal relation, to retard or inhibit luteolysis, to
maintain high progesterone levels and as a result; to enhance pregnancy rate is application
of Nonsteroid Anti-inflammatory Drugs (NSAID) in critical days of pregnancy. Estrus cy‐
cle’s hormonal mechanism should be very well known for the good management of this
process.

2. Estrus cycle

Cows are polyestrous animals throughout the year. They show estrus within 18-24 day peri‐
ods only if they are not pregnant. Estrus cycle is controlled and managed by hormones re‐
leased by hypothalamus, hypophysis, ovaries and uterus [22].

In the start of estrus cycle GnRH plays the most important role [23]. By giving GnRH re‐
leased from hypothalamus in each 30 – 120 minute periods to hypophysis system, it induces
synthesis and release of Follicle Stimulating Hormone (FSH) and Luteinizing Hormone
(LH). With the FSH effect follicles in the ovaries start to grow. Follicular development is ob‐
served in waves. In each wave just one follicle passes to dominant state from the many de‐
veloped follicles, rarely two follicles passes to preovulatory stage. Follicular development or
atresia is not seen in other follicles in follicular wave. While estradiol produced from preo‐
vulatory follicle induces LH release, it inhibits FSH release [3, 5, 24]. But FSH release is not
only regulated by estradiol and GnRH, inhibin which is an ovary originated peptide also in‐
hibits FSH release just like estradiol. Moreover, activin which is a peptide hormone found in
follicular liquid induces FSH release, but follistatin inhibits it [5].
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Released estrogen both causes physiological changes in genital canal and emergence of
overt estrus signs. Ovulation in cows takes place 24 to 30 hours after the peak of LH. Ovulat‐
ed follicle undergoes structural and functional change with the effect of LH and metamor‐
phoses to corpus luteum. Developing corpus luteum releases progesterone, and so, it makes
a negative feedback to hypothalamus and by hindering FSH and LH release it also follicular
activities in ovaries. In the meantime, by inhibiting contractions of uterus and stimulating
the glands in endometrium, it causes the liquid so called uterus milk to be released. As a
result it prepares a suitable ambient and provides the continuation of gestation [5, 22, 25-28].

If there is not a live embryo in uterus in the 16th -18th days of cycle, PGF2α is synthesized,
and causes the corpus luteum’s regression and decreases the progesterone secretion. De‐
crease in progesterone causes LH peak and this increase in LH results in increase of estra‐
diol level. While luteolysis is progressing, a new preovulatory follicle develops and cycle
resumes. If the animal gets pregnant, PGF2α secretion is blocked and progesterone level
stays in the level enough for sustain the gestation [16, 24, 25, 27].

3. Fertilisation

Gestation is a process which starts with fertilisation and completed with birth of the young.
Fertilization is the name given to the event of forming a diploid chromosome cell from two
haploid chromosome cells by entering of spermatozoon into oocyte [29].

Fertilization takes place in oviduct ampulla in domestic mammals. It happens approximate‐
ly in 12 hours. In the end, zygote forms [30-31].

4. Early embryonic period

Zygote undergoes a set of mitotic division which is called “segmentation”. With the first
segmentation division, blastomere which is a two cell embryo forms. When the blastomeres
proliferate in countless numbers it is called morula. Then, water diffusion starts in morula
and a liquid filled blank which is called blastocele forms. When this blank forms, embryo is
called as blastocyte [30, 32].

When blastocyte undergoes a mitotic division, liquid continues to accumulate in the blasto‐
cele and for this reason pressure inside the embryo increases. Proteolytic enzymes and blas‐
tocyte contraction and relaxation movements cause the tear of zona pelucida. When there is
a little tear in zona pellucida, blastocyte goes out. This prolapsus which is called as hatching
takes place between 9th and 11th days in cows. After this stage, embryo lives freely in ute‐
rus until implantation and feeds with uterus milk [14, 24, 30, 32].

15th to 17th days of the gestation is considered as the critical period. Embryonic deaths taking
place in this stage causes dramatic economic losses. During this period, unless the signal to pre‐
vent the production of PGF2α is sent, endometrial luteolytic PGF2α release will be realized. For
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luteum is vital for the life of embryo [16]. For this reason, researchers have strived to keep
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tional insufficiencies of corpus luteum and to rise the endogenous progesterone production
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leased from hypothalamus in each 30 – 120 minute periods to hypophysis system, it induces
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only regulated by estradiol and GnRH, inhibin which is an ovary originated peptide also in‐
hibits FSH release just like estradiol. Moreover, activin which is a peptide hormone found in
follicular liquid induces FSH release, but follistatin inhibits it [5].
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Released estrogen both causes physiological changes in genital canal and emergence of
overt estrus signs. Ovulation in cows takes place 24 to 30 hours after the peak of LH. Ovulat‐
ed follicle undergoes structural and functional change with the effect of LH and metamor‐
phoses to corpus luteum. Developing corpus luteum releases progesterone, and so, it makes
a negative feedback to hypothalamus and by hindering FSH and LH release it also follicular
activities in ovaries. In the meantime, by inhibiting contractions of uterus and stimulating
the glands in endometrium, it causes the liquid so called uterus milk to be released. As a
result it prepares a suitable ambient and provides the continuation of gestation [5, 22, 25-28].

If there is not a live embryo in uterus in the 16th -18th days of cycle, PGF2α is synthesized,
and causes the corpus luteum’s regression and decreases the progesterone secretion. De‐
crease in progesterone causes LH peak and this increase in LH results in increase of estra‐
diol level. While luteolysis is progressing, a new preovulatory follicle develops and cycle
resumes. If the animal gets pregnant, PGF2α secretion is blocked and progesterone level
stays in the level enough for sustain the gestation [16, 24, 25, 27].

3. Fertilisation

Gestation is a process which starts with fertilisation and completed with birth of the young.
Fertilization is the name given to the event of forming a diploid chromosome cell from two
haploid chromosome cells by entering of spermatozoon into oocyte [29].

Fertilization takes place in oviduct ampulla in domestic mammals. It happens approximate‐
ly in 12 hours. In the end, zygote forms [30-31].

4. Early embryonic period

Zygote undergoes a set of mitotic division which is called “segmentation”. With the first
segmentation division, blastomere which is a two cell embryo forms. When the blastomeres
proliferate in countless numbers it is called morula. Then, water diffusion starts in morula
and a liquid filled blank which is called blastocele forms. When this blank forms, embryo is
called as blastocyte [30, 32].

When blastocyte undergoes a mitotic division, liquid continues to accumulate in the blasto‐
cele and for this reason pressure inside the embryo increases. Proteolytic enzymes and blas‐
tocyte contraction and relaxation movements cause the tear of zona pelucida. When there is
a little tear in zona pellucida, blastocyte goes out. This prolapsus which is called as hatching
takes place between 9th and 11th days in cows. After this stage, embryo lives freely in ute‐
rus until implantation and feeds with uterus milk [14, 24, 30, 32].

15th to 17th days of the gestation is considered as the critical period. Embryonic deaths taking
place in this stage causes dramatic economic losses. During this period, unless the signal to pre‐
vent the production of PGF2α is sent, endometrial luteolytic PGF2α release will be realized. For
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the continuation of gestation this endometrial PGF2α production must be hindered. Biology of
this critical period is complex and affected from very different events. Forming of luteolysis or
continuation of gestation is dependent on hormonal, cellular and molecular factors belonging
to both mother and the embryo. In order to increase the pregnancy rate in artificial insemina‐
tion and embryo transfer, hCG, eCG and GnRH applications are done in this critical period. In
these applications, while increasing progesterone amount, decreasing plasma estradiol 17 beta
amounts and inhibiting PGF2α synthesis from endometrium is aimed [16].

5. Embryo signals and pregnancy recognition

Blockage of luteolysis during the recognition of gestation can be possible by inhibition of es‐
tradiol production because existence of estradiol is obligatory for luteolysis. Estradiol indu‐
ces PGF2α secretion. When compared with cyclic animals, follicular development and
concentration of plasma estradiol are less in pregnant animals. How does estradiol affects
PGF2α secretion in cellular and molecular levels is not known. However, estradiol has got a
central role in luteolysis. For this reason; while antilteolytic strategies are developed, for the
retardation or inhibition of luteolysis decrease of estradiol level is aimed [16].

Progesterone amount circulating in cows provides maternal recognition. This situation
shows the importance of high level progesterone for the recognition of pregnancy in critical
period. Another factor for the pregnancy recognition is bovine interferon-tau which is re‐
leased by the embryo. Bovine interferon-tau is also known as bovine trophoblast protein-1
(bTP-1). Bovine interferon-tau which is secreted to lumen of uterus inhibits the release of
PGF2α from the endometrium in critical period. Stimulating of progesterone to bovine inter‐
feron-tau is another possible mechanism for the maternal recognition. In the cows, which
have higher levels of progesterone in the critical period, more bovine interferon-tau is pro‐
duced by the embryo [16, 32].

Interferon-tau shows its affect by hindering estradiol receptors. Subsequently, oxytocin recep‐
tors diminish and cyclooxygenase inhibitors get activated. Interferon-tau insures the produc‐
tion of some endometrial proteins crucial for the life of embryo. The first of these proteins is
bovine granulocyte protein-2. Second one is ubiquitin cross-reactive protein (UCRP). UCRP
conjugates with cytosolic endometrial proteins in response to pregnancy and interferon-tau.
Proteins conjugated with UCRP become a target for processing by proteasome. This affect of
interferon-tau is mediated by the induction of signal transducer and activation of transcription
1 (STAT-1), STAT-2, and interferon regulatory factor 1. UCRP, alpha chemokines and induc‐
tion of these transcription factors procure pregnancy recognition by mother [33].

6. Early embryonic death

Embryonic death is the most important source of reproductive losses. During the first three
weeks of pregnancy embryonic deaths occur by means of several factors. If embryonic
deaths take place between the 24th and 50th days, it is called as late embryonic death [4, 13].
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Even in healthy cows in the first  three weeks of  pregnancy,  more than 25% of  the em‐
bryos cannot continue its development. While fertilization rate in cows with first service is
90%, calving rate is about 50-60% [4, 14]. In a study associated with this topic, it is report‐
ed that calving rate is 70% after insemination and most of the 30% of embryo losses take
place in between 6th and 18th days [34]. If embryonic death happens before 16th - 17th days,
cows continue to show estrus within normal intervals. However, if embryonic death hap‐
pens after 16th - 17th days, returning back to estrus cycle takes longer and cycle interval be‐
comes irregular [4].

There are plenty of factors that cause embryonic death in cows. These are; endocrine, genet‐
ic, intrinsic and extrinsic environmental factors, climate, stress, age, insemination time, se‐
men quality, infectious agents, nutrition, chromosomal anomalies. Especially, abnormal
progesterone and estrogen profiles cause embryonic deaths. Moreover, in high producing
cows steroid metabolism is faster because of liver blood circulation increase. And this causes
lower levels of progesterone in luteal period of estrus cycle [4, 35].

7. Embryonic losses due to endocrinologic causes

Low progesterone levels lead to death of embryo by causing excessive estradiol and PGF2α
secretion. It is required that luteolytic effects of estradiol and PGF2α should be decreased in
the early period after insemination in order for maternal recognition of pregnancy [36].

Researchers assert that low progesterone concentration before insemination period causes
abnormal follicular development, elicit abnormal oocyte development in ovulatory follicle
and ultimately, it causes early embryonic death [37-38].

Adequate secretion of progesterone in luteal period is vital for healthy ovulation, nutrition
and survival of developing embryo. Low level of progesterone leads to embryonic death for
reasons of:

1. Low progesterone levels from ovulation to 6th day after the insemination causes the in‐
hibition of embryo’s development.

2. If progesterone is insufficient in pre-estrus period, uterus deprives of progesterone re‐
ceptors. As a result of this, in 4th – 9th days of post insemination excessive PGF2α secre‐
tion forms, and this makes both an embryotoxic and luteolytic affect.

3. In 14th – 17th days which are the days of pregnancy recognition, cause of low pregnancy
rate is progesterone inadequacy and excessiveness of estradiol.

4. Low progesterone levels in late embryonic period indicate imminent embryonic death
[36, 39].

Oxytocin produced by corpus luteum stimulates the release of PGF2α from endometrium.
PGF2α production depends on reaching of oxytocin receptor number to a threshold value.
When these receptors in endometrium reaches a sufficient number, pulsatil secretion of
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PGF2α occurs in response to luteal oxytocin secretion and luteolysis goes after. For this rea‐
son, maternal recognition of pregnancy must take place before luteolysis [32, 40].

Specific proteins (bTP-1) produced by blastocyst in cows are signals preventing luteolysis.
bTP-1, inhibits the endometrium cells’ oxytocin receptor production. As a result, oxytocin
cannot induce PGF2α release. In addition to this, bTP-1increases protein production from
uterine glands. These released proteins into uterus lumen provide nutrition of embryo [32].

8. Cyclooxygenase – COX (Prostaglandin endoperoxide synthase)

NSAIDs1 are the most commonly used drugs for the treatment of pain for centuries. These
drugs also have antipyretic and analgesic affects. They act by inhibiting the enzyme cycloox‐
ygenase (also known as Cox inhibitors). In this way, the synthesis of prostaglandins is
blocked. Prostaglandins are mediators which ensure the formation of inflammation symp‐
toms as pain, fever and swelling. Arachidonic acid, which is found in cell membrane, is pre‐
cursor of prostaglandins. Prostaglandins are end products of fatty acid metabolism. With
the effect of Phospholipase A2, Arachidonic acid is synthesized from membrane phospholi‐
pids. As soon as arachidonic acid is released Prostaglandin G2 and Prostaglandin H2 is syn‐
thesized by the effect of cox enzyme. Then, by means of synthase, PGD2, PGE2, PGF2, PGI2

and TxA2 are produced [41-45]. See figure 1.

Figure 1. Metabolism of Prostaglandins.

Nowadays, the most known NSAID is aspirin. The past of Aspirin dates back to hundreds
of years. The most important step in the discovery of Aspirin is the identification of salicylic
acid in 1860. Following this discovery, sodium salicylate in 1875 and phenyl salicylate in

1 NSAID: Nonsteroid Anti-inflammatory Drugs
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1886 were first used. But these drugs formed serious side effects in gastrointestinal system.
Aspirin or acetyl salicylic acid was discovered by Felix Hoffman in 1897. It was started to be
sold under the name of Aspirin by Bayer Company in 1899 [46].

For the first time, it has been identified that prostaglandin inhibitors prevent product of Cox
by John Vane in 1971 [44]. Later studies have shown that Cox enzymes have different iso‐
forms and have different functions. Cox-1 is found in stomach, intestine, kidney and throm‐
bocytes, and Cox-2 is secreted in platelets, macrophages, endothelial cells [41, 47]. While
classic NSAIDs inhibit both enzymes, Cox-2 inhibitors inhibit inducible Cox-2. Thanks to
this, Cox-2 inhibitors can show anti-inflammatory effect without forming any side effects in
gastrointestinal system and in other tissues [43]. Existence of Cox-3 enzyme was discovered
by Chandrasekharan et al. in 2002 [48]. See table 1.

Class Active Ingredient Effect

Cox-1 Specific Agents Low Dose Aspirin
It makes COX-1 inhibition without doing COX-2

inhibition.

COX Non-specific Agents
Diclofenac, Ketorolak,

Asetaminofen, Flunixin
meglumine.

It inhibits both enzymes.

COX-2 Selective Agents
Meloxicam, Nabumetane,

Nimesulid, Carpofren.

With Clinic threpautic doses in human and
animals, while doing COX-2 inhibition, in

increasing doses they cause COX-1 inhibition.

COX-2 Specific Agents Celecoxib, Rofecoxib.
They are agents which do not cuase COX-1

inhibition even in maximum threpautic clinical
doses.

Table 1. Cox inhibitors are classified as below [41, 49]:

Cox inhibitors are used with different aims in reproductive field. Among these are; blocking
of ovulation and implantation, preventing post operative adhesions and hindering of pre‐
mature births (tocolytic) [50-58].

A lot of studies have been done to understand the importance of Cox enzyme in implanta‐
tion. It has been found out that COX-2 is produced by uterus luminal epithel and stroma
which surround blastocyte during implantation in rats. This situation indicates that COX-2
has a fundamental role in implantation [59-60]. Again in another study, it has been identi‐
fied that female rats which have COX-1 deficiency have normal fertility and young number.
Because in the presence of COX-1 enzyme deficiency, COX-2 supplies this deficit [59]. How‐
ever, female rats which have COX-2 deficiency are infertile. Because lacking of COX-2 en‐
zyme occurs ovulation, fertilization, implantation and desidualization defects [61].

Parallel with the studies done on experiment animals, studies searching the effects of
NSAIDs on pregnancy rates of livestock have also been done. In these studies, flunixin me‐
glumine, meloxicam, and carprofen have been used in order to increase pregnancy rate in
cows.
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9. Flunixin meglumine

Flunixin meglumine is a derivation of nicotinic acid and is also a non-selective cox inhibitor.
It is a potent NSAID to keep the inflammation, pain and fever under control. Especially, it is
used in visceral pains. In addition to its analgesic effect, it has antiendotoxic and antipyretic
effects. Flunixin meglumine’s half-life is between 8 and 12 hours in cows, but it is longer in
other animals [49, 62].

Flunixin meglumine is used in cows combined with antibiotics to cure illnesses like; joint ill,
transit fever, blackleg, superfoul, mastitis, puerperal metritis, vaginal prolapse, pneumonia,
downer cow. Moreover, it is used in pain therapy after small operations [63-64].

Flunixin meglumine is used in cows in ways like intramuscular, intravenous and peros.
When it is used orally, the dose is 1 mg/kg. 1.1-2.2 mg/kg dose is used in intravenous way.
The most application way is intramuscular injection and the dose is 1.1 mg/kg. This dose of
flunixin meglumine is given once in a day or two times by dividing the dose. Flunixin me‐
glumine can be given in 6-8 hour intervals in 0.25-0.50 mg/kg doses. Average therapy period
is three days and it can be given 5 days maximum [65-69].

10. Carprofen

Carprofen is a propionic acid derivative NSAID and a selective cox-2 inhibitor. The drugs in
this group take –fen suffix (e.g. ibuprofen, ketoprofen). Carprofen is the safest drug in this
group because its peripheral prostaglandin inhibition is weak. It is a long effective NSAID
with a clinical effect time of 12 hours. Carprofen in cows administered subcutaneous, in
dose of 1.4 mg/kg to body weight [49, 65, 70-72].

11. Meloxicam

Meloxicam is a selective cox-2 inhibitor. It is an oxicam group NSAID. It has anti-inflamma‐
tory, analgesic and antipyretic effects. Half-life is 13 hours in cows. It is used in cows by in‐
tramuscular, intravenous and subcutaneous ways in single doses of 0.5 mg/kg [65, 70-71].

12. NSAID use after insemination

In many studies about usage of flunixin meglumine, carprofen and meloxicam in different
times after post insemination, decreasing PGF2α release, increasing luteal progesterone level
and preventing early embryonic deaths are aimed [72-75].

In some of these studies [74-77], deserved pregnancy rates have been accomplished, on the
other hand in some other studies [78-80] pregnancy rates have not changed.
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In a study [75], in order to prevent early embryonic deaths in cows which are exposed to
transportation stress, flunixin meglumine was given. In the study animals were divided into
3 groups as; control, stress (S) and stress +flunixin meglumine (SFM). After the synchroniza‐
tion of the cows’ estrus with MGA - PGF2α, insemination was done by observing the estrus.
Animals were exposed to stress 14 days after the insemination. 1.1 mg/kg dose of flunixin
meglumine was given to SFM group before transportation. Just transportation stress was
formed in S group. When looked at the pregnancy rates (Control 76%, Stress 69% and SFM
84%), it is seen that there is a positive relation between pregnancy rates and flunixin meglu‐
mine application.

Merrill et al [76] searched the effects of 1.1mg/kg dose of flunixin meglumine administration
on embryonic mortality of stressful and unstressed cows. They used 259 heifers and 127
cows. They designed the application groups as; control, control + flunixin meglumine, stress
and stress + flunixin meglumine. In the first experiment, they used 259 angus crossbred hei‐
fers. All the heifers were synchronized with Controlled Internal Drug-Release (CIDR®) and
PGF2α. In the second experiment, they used 127 angus crossbred cows. All the cows were
synchronized with MGA and PGF2α. Applications started 14 days after artificial insemina‐
tion. While pregnancy rate of animals exposed to transportation stress is 62%, unstressed an‐
imals had 64% pregnancy rate. While the pregnancy rate of flunixin meglumine cured
animals was 69%, it was 59% in others. In the first experiment they reported that flunixin
meglumine given animals had more pregnancy rate than others which were not given. In
the second experiment, it was reported that flunixin meglumine applied animals had higher
pregnancy rates than others (80% vs. 66%).

In another study, single dose of flunixin meglumine injection (1.1 mg/kg) was done on the
14th day after the insemination to animals which were exposed to transportation stress. The
effect of this application on early embryonic deaths and prostaglandin in circulation and
cortisol levels were searched. Researchers used 483 beef cows and animals were divided into
4 groups. They designed the groups as; first group transport, second group transport + flu‐
nixin meglumine, third group no transport (n=130) and the last group no transport + flunix‐
in meglumine. After the application, transport + flunixin meglumine group had higher
pregnancy rate than flunixin meglumine free group (74% vs. 66%) without looking at trans‐
portation. Just flunixin meglumine administered cows’ pregnancy rates were found higher
than non-flunixin meglumine cows (71% vs. 61%). Cortisol concentration in cows exposed to
transportation stress got increased but pregnancy rate did not change. In flunixin meglu‐
mine given subjects prostaglandin concentration was found lower than not givens. As a re‐
sult researchers came to conclusion that NSAID applications would increase the pregnancy
rate [77] .

Odensvik et al [81] have reported that application of flunixin meglumine both orally and pa‐
rentally supports luteal function. They administered 2, 3 or 4 oral doses 2.2 mg/kg flunixin
meglumine to heifers. They started the 9 day-therapy period 14-15 days of the estrus. As a
result, they have found that estrus cycle is prolonged in groups of 3 and 4 doses administra‐
tion. Luteolysis have taken place when 2 or 3 doses of flunixin meglumine have been ap‐
plied. But in 4 dose give groups luteolysis have been postponed. The first cycle of the
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9. Flunixin meglumine
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flunixin meglumine is given once in a day or two times by dividing the dose. Flunixin me‐
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10. Carprofen

Carprofen is a propionic acid derivative NSAID and a selective cox-2 inhibitor. The drugs in
this group take –fen suffix (e.g. ibuprofen, ketoprofen). Carprofen is the safest drug in this
group because its peripheral prostaglandin inhibition is weak. It is a long effective NSAID
with a clinical effect time of 12 hours. Carprofen in cows administered subcutaneous, in
dose of 1.4 mg/kg to body weight [49, 65, 70-72].

11. Meloxicam

Meloxicam is a selective cox-2 inhibitor. It is an oxicam group NSAID. It has anti-inflamma‐
tory, analgesic and antipyretic effects. Half-life is 13 hours in cows. It is used in cows by in‐
tramuscular, intravenous and subcutaneous ways in single doses of 0.5 mg/kg [65, 70-71].

12. NSAID use after insemination

In many studies about usage of flunixin meglumine, carprofen and meloxicam in different
times after post insemination, decreasing PGF2α release, increasing luteal progesterone level
and preventing early embryonic deaths are aimed [72-75].

In some of these studies [74-77], deserved pregnancy rates have been accomplished, on the
other hand in some other studies [78-80] pregnancy rates have not changed.
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In a study [75], in order to prevent early embryonic deaths in cows which are exposed to
transportation stress, flunixin meglumine was given. In the study animals were divided into
3 groups as; control, stress (S) and stress +flunixin meglumine (SFM). After the synchroniza‐
tion of the cows’ estrus with MGA - PGF2α, insemination was done by observing the estrus.
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the second experiment, it was reported that flunixin meglumine applied animals had higher
pregnancy rates than others (80% vs. 66%).

In another study, single dose of flunixin meglumine injection (1.1 mg/kg) was done on the
14th day after the insemination to animals which were exposed to transportation stress. The
effect of this application on early embryonic deaths and prostaglandin in circulation and
cortisol levels were searched. Researchers used 483 beef cows and animals were divided into
4 groups. They designed the groups as; first group transport, second group transport + flu‐
nixin meglumine, third group no transport (n=130) and the last group no transport + flunix‐
in meglumine. After the application, transport + flunixin meglumine group had higher
pregnancy rate than flunixin meglumine free group (74% vs. 66%) without looking at trans‐
portation. Just flunixin meglumine administered cows’ pregnancy rates were found higher
than non-flunixin meglumine cows (71% vs. 61%). Cortisol concentration in cows exposed to
transportation stress got increased but pregnancy rate did not change. In flunixin meglu‐
mine given subjects prostaglandin concentration was found lower than not givens. As a re‐
sult researchers came to conclusion that NSAID applications would increase the pregnancy
rate [77] .

Odensvik et al [81] have reported that application of flunixin meglumine both orally and pa‐
rentally supports luteal function. They administered 2, 3 or 4 oral doses 2.2 mg/kg flunixin
meglumine to heifers. They started the 9 day-therapy period 14-15 days of the estrus. As a
result, they have found that estrus cycle is prolonged in groups of 3 and 4 doses administra‐
tion. Luteolysis have taken place when 2 or 3 doses of flunixin meglumine have been ap‐
plied. But in 4 dose give groups luteolysis have been postponed. The first cycle of the
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animals was evaluated as control and the 2nd cycle was evaluated as therapy cycle. Before
the experiment, cycles of the animals were synchronized by PGF2α.

Dogruer et al. [82] synchronized repeat breeder heifers by applying two dose PGF2α. 48
hours after PGF2α, they administered GnRH (buserelin acetate) and after 12 – 14 hours they
made fixed time artificial insemination. Then, they divided the heifers into two groups ran‐
domly and they injected a group flunixin meglumine on the 15th and 16th days. They used
the other group as control. They made a pregnancy test to animals on the 29th day and in the
end, they identified 50% pregnancy rate in therapy group, and 20% in the control group.

Güzeloğlu et al [74] gave GnRH on the 48th hour after synchronisation with PGF2α to 52 Hol‐
stein heifers and they inseminated them after 12-14 hours. Following this application, they
administered 1.1 mg/kg dose of flunixin meglumine after artificial insemination on 15th
days evening and 16th days morning via intramuscular way. Pregnancy test was done on
the 29th day and, 20 pregnant animals in the treatment group and 13 pregnant animals in
the control group was found.

In a study by Lucacin et al [78], they administered 1.1 mg/kg dose of flunixin meglumine to
animals between the estrus cycle’s 11th and 16th days. Saline solution was given to animals in
the control group. The estrus cycle of the animals was synchronized by the applications of
estradiol benzoate + CIDR + PGF2α and then, fixed time artificial insemination was done. Re‐
searchers did not find any difference between progesterone concentrations and pregnancy
rates of treatment group and control group.

Rabaglino et al. [79] synchronized the heifers with Cosynch+CIDR protocol, they gave half
of them double dose of flunixin meglumine (400 mg) on the 15th and 16th days after artificial
insemination. At the end of this application, 59.4% pregnancy was reached in control group,
59.5% pregnancy rate was reached in Flunixin meglumine given group.

Geary et al. [80] searched the effects of flunixin meglumine on the pregnancy rates in a
study done on Angus heifers. In the first experiment they synchronized the animals with
MGA and PGF2α. Animals were inseminated 12 hours after the observation of estrus. 13
days after the artificial insemination they injected single dose of flunixin meglumine to ani‐
mals. While pregnancy rate was 72% in control group, it remained 66% in flunixin meglu‐
mine group. In the second experiment, Angus cows were synchronized via Select Synch or
Select Synch + CIDR method. After that, they were inseminated by observing estrus. Around
13 days after artificial insemination they were injected flunixin meglumine. In the pregnancy
test done on the 47th day, no difference was observed between the control and subject group
(57% vs. 58%). In the third experiment both the heifers and the cows were used as materials.
While Heifers were synchronized through Select Synch + CIDR protocol, cows were
synchronized with Co-Synch + CIDR protocol. Pregnancy test was done on the 29th day; it
was confirmed on the 75th day in heifers and 99th day in cows by ultrasound examination. As
the conclusion of the experiment, no difference was found between flunixin meglumine and
control group (50% vs. 48%).

Kruger and Heuwiser [83] made a study to assess the carprofen and flunixin meglumine’s
effect on pregnancy rate of dairy cattle. They injected animals with carprofen and flunixin
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meglumine on 14th, 15th and 16th days after the insemination. In the first experiment, 413 Hol‐
stein-Friesian heifers were used. The cycles of these animals were synchronized with PGF2α
and they were inseminated by observing their estrus. 2.2 mg/kg dose of flunixin meglumine
was given to therapy group animals after the insemination’s 14th-15th days or 15th-16th days.
No application was done to animals in the control group. At the end of this experiment,
pregnancy rate in the control group was 58.7% and 58.6% in the treatment group. Serum
progesterone levels on 14-15days and 21-22 days after insemination were compared in both
pregnant and non-pregnant animals. It was observed that on the 21-22 days progesterone
levels of pregnant animals were higher. In the second experiment researchers used 380 Hol‐
stein cows and these animals were synchronized by ovsynch protocol. After 16 hours from
the second GnRH injection, fixed time artificial insemination was done. 1.4 mg/kg dose of
carprofen was given via subcutaneous on the 15th day after the insemination to the treat‐
ment group. No therapy was applied to control group. It was identified that while pregnan‐
cy rate in carprofen given group was 33%, it was 35.5 in control group. Researchers come to
the idea that NSAID application does not affect the reproductive performance.

Heuwieser et al. [72] made a study on 970 cows. They divided the animals into three groups.
They administered 1.4 mg/kg dose of carprofen subcutaneous following artificial insemina‐
tion. 1.4 mg/kg dose of carprofen was given into the uterus 12-24 hours after the insemina‐
tion to the 2nd group. 3rd group was left as control. After the first insemination the
pregnancy rates were found as 42.2%, 38.3% and 45.1%, respectively. As a result they report‐
ed that, subcutaneous carprofen therapy did not affect the pregnancy rate but intrauterine
therapy had a negative effect on the pregnancy rate.

Amiridis et al. [73] applied flunixin meglumine, ketoprofen and meloxicam to heifers. In the
end, they came to conclusion that meloxicam administered animals have the longest estrus
cycle and meloxicam is much more potent than other NSAIDs. The same researchers made a
study on repeat breeder cows; 1st group was GnRH, 2nd group was progesterone, 3rd group
was meloxicam and the 4th group was GnRH + progesterone + meloxicam. They reported
that the highest pregnancy rates were seen in 4th group.

In another study on Holstein heifers, 0.5 mg/kg dose of meloxicam was administered subcu‐
taneous on the 15th day following the insemination. Finally, it was identified that pregnancy
rate was 24.3% in meloxicam cured group and 52% in control group. In the light of these
data, researchers reported that meloxicam application during the time of maternal recogni‐
tion will be harmful to pregnancy [84].

In a study aimed at increasing pregnancy rate and progesterone synthesis by inhibiting
prostaglandin synthesis, a fixed time artificial insemination was done by synchronising cy‐
cles of Nelore cows. Researchers divided the animals into 8 groups and they designed the
groups as follows. 1st group constitutes the control and given saline on 7th and 16th days; to
the 2nd group, saline on the 7th day and flunixin meglumine on the 16th day; to the 3rd group,
bST on the 7th day and saline on the 16th day, to the 4th group, bST on the 7th day and flunixin
meglumine on the 16th day, to the 5th group, hCG on the 7th day and saline on the 16th day, to
the 6th group, hCG on the 7th day and flunixin meglumine on the 16th day, to the 7th group,
bST + hCG on the 7th day and saline on the 16th day, to the last group, bST + hCG on the 7th
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animals was evaluated as control and the 2nd cycle was evaluated as therapy cycle. Before
the experiment, cycles of the animals were synchronized by PGF2α.

Dogruer et al. [82] synchronized repeat breeder heifers by applying two dose PGF2α. 48
hours after PGF2α, they administered GnRH (buserelin acetate) and after 12 – 14 hours they
made fixed time artificial insemination. Then, they divided the heifers into two groups ran‐
domly and they injected a group flunixin meglumine on the 15th and 16th days. They used
the other group as control. They made a pregnancy test to animals on the 29th day and in the
end, they identified 50% pregnancy rate in therapy group, and 20% in the control group.

Güzeloğlu et al [74] gave GnRH on the 48th hour after synchronisation with PGF2α to 52 Hol‐
stein heifers and they inseminated them after 12-14 hours. Following this application, they
administered 1.1 mg/kg dose of flunixin meglumine after artificial insemination on 15th
days evening and 16th days morning via intramuscular way. Pregnancy test was done on
the 29th day and, 20 pregnant animals in the treatment group and 13 pregnant animals in
the control group was found.

In a study by Lucacin et al [78], they administered 1.1 mg/kg dose of flunixin meglumine to
animals between the estrus cycle’s 11th and 16th days. Saline solution was given to animals in
the control group. The estrus cycle of the animals was synchronized by the applications of
estradiol benzoate + CIDR + PGF2α and then, fixed time artificial insemination was done. Re‐
searchers did not find any difference between progesterone concentrations and pregnancy
rates of treatment group and control group.

Rabaglino et al. [79] synchronized the heifers with Cosynch+CIDR protocol, they gave half
of them double dose of flunixin meglumine (400 mg) on the 15th and 16th days after artificial
insemination. At the end of this application, 59.4% pregnancy was reached in control group,
59.5% pregnancy rate was reached in Flunixin meglumine given group.

Geary et al. [80] searched the effects of flunixin meglumine on the pregnancy rates in a
study done on Angus heifers. In the first experiment they synchronized the animals with
MGA and PGF2α. Animals were inseminated 12 hours after the observation of estrus. 13
days after the artificial insemination they injected single dose of flunixin meglumine to ani‐
mals. While pregnancy rate was 72% in control group, it remained 66% in flunixin meglu‐
mine group. In the second experiment, Angus cows were synchronized via Select Synch or
Select Synch + CIDR method. After that, they were inseminated by observing estrus. Around
13 days after artificial insemination they were injected flunixin meglumine. In the pregnancy
test done on the 47th day, no difference was observed between the control and subject group
(57% vs. 58%). In the third experiment both the heifers and the cows were used as materials.
While Heifers were synchronized through Select Synch + CIDR protocol, cows were
synchronized with Co-Synch + CIDR protocol. Pregnancy test was done on the 29th day; it
was confirmed on the 75th day in heifers and 99th day in cows by ultrasound examination. As
the conclusion of the experiment, no difference was found between flunixin meglumine and
control group (50% vs. 48%).

Kruger and Heuwiser [83] made a study to assess the carprofen and flunixin meglumine’s
effect on pregnancy rate of dairy cattle. They injected animals with carprofen and flunixin
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meglumine on 14th, 15th and 16th days after the insemination. In the first experiment, 413 Hol‐
stein-Friesian heifers were used. The cycles of these animals were synchronized with PGF2α
and they were inseminated by observing their estrus. 2.2 mg/kg dose of flunixin meglumine
was given to therapy group animals after the insemination’s 14th-15th days or 15th-16th days.
No application was done to animals in the control group. At the end of this experiment,
pregnancy rate in the control group was 58.7% and 58.6% in the treatment group. Serum
progesterone levels on 14-15days and 21-22 days after insemination were compared in both
pregnant and non-pregnant animals. It was observed that on the 21-22 days progesterone
levels of pregnant animals were higher. In the second experiment researchers used 380 Hol‐
stein cows and these animals were synchronized by ovsynch protocol. After 16 hours from
the second GnRH injection, fixed time artificial insemination was done. 1.4 mg/kg dose of
carprofen was given via subcutaneous on the 15th day after the insemination to the treat‐
ment group. No therapy was applied to control group. It was identified that while pregnan‐
cy rate in carprofen given group was 33%, it was 35.5 in control group. Researchers come to
the idea that NSAID application does not affect the reproductive performance.

Heuwieser et al. [72] made a study on 970 cows. They divided the animals into three groups.
They administered 1.4 mg/kg dose of carprofen subcutaneous following artificial insemina‐
tion. 1.4 mg/kg dose of carprofen was given into the uterus 12-24 hours after the insemina‐
tion to the 2nd group. 3rd group was left as control. After the first insemination the
pregnancy rates were found as 42.2%, 38.3% and 45.1%, respectively. As a result they report‐
ed that, subcutaneous carprofen therapy did not affect the pregnancy rate but intrauterine
therapy had a negative effect on the pregnancy rate.

Amiridis et al. [73] applied flunixin meglumine, ketoprofen and meloxicam to heifers. In the
end, they came to conclusion that meloxicam administered animals have the longest estrus
cycle and meloxicam is much more potent than other NSAIDs. The same researchers made a
study on repeat breeder cows; 1st group was GnRH, 2nd group was progesterone, 3rd group
was meloxicam and the 4th group was GnRH + progesterone + meloxicam. They reported
that the highest pregnancy rates were seen in 4th group.

In another study on Holstein heifers, 0.5 mg/kg dose of meloxicam was administered subcu‐
taneous on the 15th day following the insemination. Finally, it was identified that pregnancy
rate was 24.3% in meloxicam cured group and 52% in control group. In the light of these
data, researchers reported that meloxicam application during the time of maternal recogni‐
tion will be harmful to pregnancy [84].

In a study aimed at increasing pregnancy rate and progesterone synthesis by inhibiting
prostaglandin synthesis, a fixed time artificial insemination was done by synchronising cy‐
cles of Nelore cows. Researchers divided the animals into 8 groups and they designed the
groups as follows. 1st group constitutes the control and given saline on 7th and 16th days; to
the 2nd group, saline on the 7th day and flunixin meglumine on the 16th day; to the 3rd group,
bST on the 7th day and saline on the 16th day, to the 4th group, bST on the 7th day and flunixin
meglumine on the 16th day, to the 5th group, hCG on the 7th day and saline on the 16th day, to
the 6th group, hCG on the 7th day and flunixin meglumine on the 16th day, to the 7th group,
bST + hCG on the 7th day and saline on the 16th day, to the last group, bST + hCG on the 7th
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day and flunixin meglumine on the 16th day were administered. It was found out that the
group only cured with hCG on the 7th day showed a higher rate of pregnancy [85].

Tek et al. [86] searched the effects of flunixin meglumine and oxytetracyclin combinations
on the cows diagnosed with subclinical endometritis. They applied intramuscular flunixin
meglumine (2 mg/kg) and oxytetracyclin (300 mg). They inseminated the animals in the first
estrus seen after the application. When compared with the control group, pregnancy rates
were higher in flunixin meglumine and oxytetracyclin administered group (25% vs. 55%).

In another study, animals with puerperal metritis were injected with ceftiofur (CEF) and/or
flunixin meglumine. CEF was given to the first group for three days. A single dose of flunix‐
in meglumine (2.2 mg/kg) was given intravenous in addition to CEF to the animals in the
second group. At the end of the study, researchers came to a conclusion that flunixin meglu‐
mine application does not have a beneficial effect on clinical recovery and reproductive per‐
formance [87].

13. NSAID use before embryo transfer

Preparing a suitable environment inside uterus is aimed with NSAIDs applied in different
times before embryo transfer to cows and heifers. In most of these studies, while flunixin
meglumine or ibuprofen applications just before the embryo transfer increase the pregnancy
rate has been reported [88-90], in a study it has been reported that it is ineffective [91], and
in another study [91] it has been reported that pregnancy rate has diminished.

Elli et al. [88] investigated whether ibuprofen application increases implantation rates dur‐
ing embryo transfer in cattle. In their study done on 100 heifers, they gave half of them 5
mg/kg dose of intramuscular ibuprofen 1 hour before embryo transfer. Pregnancy rate in the
treatment group reached 82% but stayed 56% in control group.

Purcell et al. [89], in a study they made on beef cattle applied either 500 mg dose of flunixin
meglumine 2-12 minute before embryo transfer or they inserted CIDR shortly after the em‐
bryo transfer. The first of four groups was remained as control group, CIDR to 2nd group,
flunixin meglumine to 3rd group, both flunixin meglumine given and CIDR inserted to 4th

group. Pregnancy rates were found as 65%, 60,7%, 74.7% and 69.8%, respectively. The aver‐
age pregnancy rates of flunixin meglumine administered animals (3rd and 4th group) and un‐
applied animals (1st and 2nd group) were identified as 72.3% and 63%.

In another study [90], 10 ml flunixin meglumine was injected to beef cattle 2-5 minutes be‐
fore the embryo transfer and when it was compared with control group, it was found that
pregnancy rate was higher in flunixin meglumine given group (51.1% vs. 63.8%).

McNaughtan  [91]  injected  10  ml  flunixin  meglumine  to  heifers  just  before  the  embryo
transfer.  He identified that  during the pregnancy examination 90 days after  the embryo
transfer, the difference between the therapy and control group (n: 165) was nonsignificant
(50% vs. 45%).
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Bulbul et al [92] gave 500 mg flunixin meglumine intramuscular five minutes before embryo
transfer in a study done on 39 brown Swiss. As a result of the pregnancy examination on the
30th day by means of ultrasound, they reported that pregnancy rate in the flunixin meglu‐
mine given group was lower in comparison to control group (50% vs. 52.6%).

14. Conclusions

Artificial insemination is the first biotechnologic application used in domestic animal. It was
first performed by Ivanow in 1899 in Russia on farm animals. This procedure was adopted
in 1940s by animal breeders and then it has become prominent all over the world. Such asso‐
ciated technologies as cryopreservation, invitro fertilization and embryo transfer have then
started to develop and they have resulted in successful pregnancies (93). NSAID implemen‐
tations have been used in recent years among the assisted reproductive technologies.
NSAIDs are applied as a new strategy to increase the pregnancy rates of cows in artificial
insemination. Nevertheless, the results obtained from the previous studies conflict with each
other. Especially, there are different studies stating that flunixin application increases, does
not change or decreases the pregnancy rate. For this reason, NSAIDs relation with interferon
tau and endometrial proteins should be investigated in a more detailed way. Thus, from
where the difference in pregnancy rates originate can be found and taking of necessary pre‐
cautions can be possible.
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day and flunixin meglumine on the 16th day were administered. It was found out that the
group only cured with hCG on the 7th day showed a higher rate of pregnancy [85].

Tek et al. [86] searched the effects of flunixin meglumine and oxytetracyclin combinations
on the cows diagnosed with subclinical endometritis. They applied intramuscular flunixin
meglumine (2 mg/kg) and oxytetracyclin (300 mg). They inseminated the animals in the first
estrus seen after the application. When compared with the control group, pregnancy rates
were higher in flunixin meglumine and oxytetracyclin administered group (25% vs. 55%).

In another study, animals with puerperal metritis were injected with ceftiofur (CEF) and/or
flunixin meglumine. CEF was given to the first group for three days. A single dose of flunix‐
in meglumine (2.2 mg/kg) was given intravenous in addition to CEF to the animals in the
second group. At the end of the study, researchers came to a conclusion that flunixin meglu‐
mine application does not have a beneficial effect on clinical recovery and reproductive per‐
formance [87].

13. NSAID use before embryo transfer

Preparing a suitable environment inside uterus is aimed with NSAIDs applied in different
times before embryo transfer to cows and heifers. In most of these studies, while flunixin
meglumine or ibuprofen applications just before the embryo transfer increase the pregnancy
rate has been reported [88-90], in a study it has been reported that it is ineffective [91], and
in another study [91] it has been reported that pregnancy rate has diminished.

Elli et al. [88] investigated whether ibuprofen application increases implantation rates dur‐
ing embryo transfer in cattle. In their study done on 100 heifers, they gave half of them 5
mg/kg dose of intramuscular ibuprofen 1 hour before embryo transfer. Pregnancy rate in the
treatment group reached 82% but stayed 56% in control group.

Purcell et al. [89], in a study they made on beef cattle applied either 500 mg dose of flunixin
meglumine 2-12 minute before embryo transfer or they inserted CIDR shortly after the em‐
bryo transfer. The first of four groups was remained as control group, CIDR to 2nd group,
flunixin meglumine to 3rd group, both flunixin meglumine given and CIDR inserted to 4th

group. Pregnancy rates were found as 65%, 60,7%, 74.7% and 69.8%, respectively. The aver‐
age pregnancy rates of flunixin meglumine administered animals (3rd and 4th group) and un‐
applied animals (1st and 2nd group) were identified as 72.3% and 63%.

In another study [90], 10 ml flunixin meglumine was injected to beef cattle 2-5 minutes be‐
fore the embryo transfer and when it was compared with control group, it was found that
pregnancy rate was higher in flunixin meglumine given group (51.1% vs. 63.8%).

McNaughtan  [91]  injected  10  ml  flunixin  meglumine  to  heifers  just  before  the  embryo
transfer.  He identified that  during the pregnancy examination 90 days after  the embryo
transfer, the difference between the therapy and control group (n: 165) was nonsignificant
(50% vs. 45%).

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed84

Bulbul et al [92] gave 500 mg flunixin meglumine intramuscular five minutes before embryo
transfer in a study done on 39 brown Swiss. As a result of the pregnancy examination on the
30th day by means of ultrasound, they reported that pregnancy rate in the flunixin meglu‐
mine given group was lower in comparison to control group (50% vs. 52.6%).

14. Conclusions

Artificial insemination is the first biotechnologic application used in domestic animal. It was
first performed by Ivanow in 1899 in Russia on farm animals. This procedure was adopted
in 1940s by animal breeders and then it has become prominent all over the world. Such asso‐
ciated technologies as cryopreservation, invitro fertilization and embryo transfer have then
started to develop and they have resulted in successful pregnancies (93). NSAID implemen‐
tations have been used in recent years among the assisted reproductive technologies.
NSAIDs are applied as a new strategy to increase the pregnancy rates of cows in artificial
insemination. Nevertheless, the results obtained from the previous studies conflict with each
other. Especially, there are different studies stating that flunixin application increases, does
not change or decreases the pregnancy rate. For this reason, NSAIDs relation with interferon
tau and endometrial proteins should be investigated in a more detailed way. Thus, from
where the difference in pregnancy rates originate can be found and taking of necessary pre‐
cautions can be possible.
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1. Introduction

In mammals, the success of fertilization largely depends on gamete fertility potential and
consequently on what concerns sperm and oocyte quality they are both equally important.

Sperm contribution to fertilization is usually estimated through evaluation of semen param‐
eters. A loss of fertility potential associated to manipulation and preservation techniques is
usually calculated based on the semen characteristics at collection and on the knowledge of
the damages associated with the technique to be implemented.

Assessment of sperm quality conventionally relies on microscopic evaluation of sperm pa‐
rameters including total sperm count, sperm concentration, percentage of motile sperm and
percentage of normal sperm morphology. Some of these parameters are correlated with fer‐
tility though it does not truthfully predict male fertility [1-3]. Concentration and morpholo‐
gy are considered to be important to evaluate the fertilizing ability of sperm cells, as well as
motility and the acrosome status, which are critical elements regarding fertilization. These
parameters are currently analysed under light microscopy. Computer-assisted semen analy‐
sis (CASA) increases the reliability and the accuracy of the analysis with the increase of cell
counting [4,5]. Results of the functional testing (such as the zona pellucida binding assay, the
hemi-zona essay or the hypoosmotic swelling test) are better correlated with the AI outcome
than the results of conventional semen evaluation [1,2].

Nevertheless, these methods have limited prognostic value for the reproductive success of
the donor male [6,7]. Discrete and unclear sperm abnormalities impairing the reproductive
success of sperm and egg interaction often remain undiagnosed. This is the major limitation
for the most conservational in vitro methodologies of sperm evaluation, either in humans or
animals. Inability of the in vitro assessment methods to accurately predict spermatozoa fer‐
tility may be attributed to the complexity and multifactorial nature of male fertility.
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In the past decades, attempts to escape these limits led to the introduction, in the laboratori‐
al panel, of some sophisticated analyses. Those included the use of fluorescent markers to
assess the acrosomal status, the use of vital staining for mitochondrial activity, the use of
particular fluorochromes to detect altered sperm chromatin or DNA integrity along with
several molecular regulators of thermal and oxidative stress. Proteomic, biochemical, and
immunocytochemical approaches are now starting to highlight some key events that may
determine the success of the sperm function. Existing functional tests were also retained,
such as the hypoosmotic swelling test and the hemi-zone assay, to assess membrane func‐
tional integrity and sperm ability to interplay with the oocyte.

Understanding the main determinants of sperm fertility and knowing how fertility changes
or is influenced by sperm manipulation (such as cryopreservation and sperm-sorting)
would allow to enhance the knowledge on extender design, to accurately estimate sperm
fertility and to predict sperm survival after processing. The knowledge to adequately extend
the lifespan of cryopreserved sperm would also be improved, in particular on what con‐
cerns the programs for genetic biodiversity preservation. Nowadays, the lack of reliable
methods allowing the accurate in vitro assessment of semen quality, limits our capacity to
properly monitor semen freezing-thawing damages and to predict its performance at in‐
semination [8].

Though extensively used in domestic species (such as bovine, pigs and dogs), it is well
known and accepted that cryopreservation damages the sperm, with a large number of cells
losing their fertility potential after freezing/thawing. Further, it is also common knowledge
that individual variations exist on sperm resistance to cell damage during these procedures,
justifying why some males are “better freezers” than others, even if no differences are found
in fresh semen quality assessment [9, 10].

Determination of additional markers for semen quality is now being explored either as a
complementary assessment of sperm quality or as an additional way to study in more detail
the side effects of extenders or molecules associated to infertility. Seminal markers reveal
molecular pathways that could be suppressed or stimulated by in vitro sperm manipulation.
Moreover, it may be of utmost importance when considering the development of protocols
for sperm cryopreservation of wild and endangered species. Up to now, the extender selec‐
tion in those species is mainly based on phylogenetic or physiological resemblances and on
the trial-and-error approach.

Another issue strengthening the need for additional tests in laboratory assessment of sperm
quality relates to the fact that standard seminal parameters (motility, concentration and
morphology) currently used for all the species are insufficient to predict fertility and to de‐
tect sub-fertile males. In addition, sperm samples are very heterogeneous and although
spermatozoa may look the same on traditional semen analysis, more sophisticated methods
allow identifying different spermatozoa subpopulations with distinct biochemical and phys‐
iological characteristics. It is the combination of sperm cells of different functional compe‐
tences that largely determines the fertility potential of a specific male.

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed94

The search for effective predictors of spermatozoa fertility is now on the table, and the iden‐
tification of suitable molecules would greatly benefit the semen industry and would
strengthen the proposal of new therapies for infertility, in both man and animal. Further‐
more, it would allow a better understanding of the side effects of technology (such as freez‐
ing/thawing or sex-sorting procedures) upon the sperm integrity and functionality, as well
as to evaluate the reasons of some undesirable responses of exotic or endangered species’
sperm to preservation.

A large number of factors and molecules have been proposed to be of interest or tested as
putative predictors for sperm fertility. Before playing their role in fertilization, spermatozoa
are required to survive in the female genitalia, accomplish to reach the place for fertilization
and to acquire competence to fertilize the oocyte (Figure 1). This is true, for both the natural
mating and the artificial insemination. These are important actions, which reflect a multi‐
tude of complex and specialised functions that, in brief, result in sperm survival and fertili‐
ty. Yet, all these functions would hardly be evaluated together through a sole molecule.

In this review it is the intent to present and discuss the use of new methods for sperm as‐
sessment and estimation of spermatozoa fertility.

Figure 1. Major cellular mechanisms associated with main roles of the spermatozoon.
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2. Proposed side effects for sperm cryopreservation

Sperm cryopreservation is unavoidably linked to a reduction in sperm quality, which has
been related to cold shock and freezing damages. The importance of cold shock injuries var‐
ies with the species, the composition of the extender, the cryoprotectant selected and the
male, among other factors [10,11]. Seldom more than 50% of the sperm population survives
cryopreservation [9].

Deleterious  effects  of  freezing/thawing  procedures  originate  a  reduction  on  the  sperm
life span due to alterations in the structure and functions of spermatozoa. Side effects in‐
clude altered motility, changes in the plasma membrane and acrosomal integrity and in‐
creased DNA fragmentation. All these alterations induce a reduction of the sperm ability
to survive in the female reproductive tract and to interact with the oocyte at fertilization
[8,12].  In  an  attempt  to  compensate  these  side  effects,  seminal  doses  are  usually  pre‐
pared with excessive numbers of spermatozoa in order to improve AI fertility [5,8].

Available cryopreservation techniques have a number of potentially detrimental problems,
such as physical and chemical injuries that prone the spermatozoa to cell death and dysfunc‐
tion (Figure 2). These include [9,13-15]:

• Capacitation-like changes – after freezing/thawing, sperm behaves as if capacitated,
which decreases its ability to survive within the female genital tract and to fuse with the
oocyte;

• Motility impairment – a decrease in the motility is observed in post-thawed spermatozoa,
which tend to exhibit a variable degree of motility weakening, with subsequent hamper‐
ing of sperm progression till the oviducts and a decrease on the fertility potential;

• Oxidative damages – which may trigger apoptosis and DNA damage when reaching a
given threshold. Apoptosis compromises the mitochondrial function, motility and predis‐
pose to DNA fragmentation.

• Compromise of the membrane and acrosome integrity - loss of membrane integrity lead
to altered ionic transport to the cell, in particular the calcium and water balance, with sub‐
sequent loss of the sperm ability for volume regulation and osmoadaptation. Also, it will
compromise protein location and/or exposition on the cell’s surface, which negatively af‐
fects sperm survival, sperm binding to oviductal epithelium and interaction between
male and female gametes. In addition, restrain of the acrosome integrity may compromise
sperm competence to penetrate the oocyte layers at fertilization;

• DNA  and  chromatin  changes,  which  may  not  be  directly  related  to  fertilization  but
are  often  reported  to  impair  sustainable  post-syngamy  embryonic  development  and
pregnancy.
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3. Biological markers of sperm function

The most frequently used methods of sperm analysis have been pleasantly reviewed in a re‐
cent InTech publication [11], driving the main topic of this review into new adjunctive meth‐
ods available to test sperm quality (Figure 3). These tests can be performed as well in freshly
ejaculated sperm or in preserved samples. In the former, it would allow to increase the abili‐
ty to predict sperm quality, the selection of donor/sperm for cryopreservation and to assess
infertility causes. In the later it could be of utmost interest to study the sperm response to
preservation trials, such as the design of a new extender. Further, it could also be of impor‐
tance when studying the sperm response to preservation in new species, where it would al‐
low the identification of the most suitable molecular and functionally-friendly extender or
procedure.

3.1. Assessment of events associated with sperm capacitation

For long, it has been accepted that freezing/thawing procedures induce a capacitation-like
status that originate losses on the fertilizing potential of spermatozoa. Non-capacitated live
sperm cells survive longer in the female genital tract than capacitated sperm [16]. Dysfunc‐
tion of intracellular pathways associated with calcium (Ca2+) predisposes to acrosome insta‐
bility and exocytosis of its content. Regulation of protein function by Ca2+ signalling
pathways is central for most sperm functions and infertility is often found when those sig‐
nalling pathways are disturbed [17].
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Figure 3. Main objectives for advanced sperm screening are directly related to the assessment of the spermatozoa
functions [ICC - immunocytochemistry; HOST - hypoosmotic swelling test; TUNEL - Terminal deoxynucleotidyl transfer‐
ase dUTP nick end labeling].

As it was mentioned, calcium is an important regulator of intracellular activity. Calcium
mobilization has been associated with major sperm functions, such as capacitation, acro‐
some reaction  and hypermotility.  Ca2+  stores  in  the  sperm are  located in  the  acrosome,
neck and mitochondria [17]. Release of Ca2+ from its stores triggers the above-mentioned
reactions,  although it  is  now suspected that  different  patterns of  calcium release are re‐
sponsible for different functions. For example, hypermotility is associated with an oscilla‐
tory,  wave-like  pattern  of  Ca2+  release,  while  capacitation,  acrosome  reaction  and
exocytosis  of  the  content  are  associated with  a  burst  of  intracellular  Ca2+  into  the  cyto‐
plasm [6,17]. Also, the increase in free intracellular Ca2+ is often associated with the stim‐
ulation  of  different,  pH-sensitive  ion-channels  that  have  been  associated  with
hypermotility and acrosome reaction. Sperm neck Ca2+ stores seem to be related with the
flagella movement, during hyperactivation [17].

Acrosome membrane integrity is commonly assessed with fluorescent conjugated lectins
(PNA- Peanut agglutinin- and PSA- Pisum sativum agglutinin). Absence of fluorescence in
the living sperm indicates an intact acrosome, whilst fluorescence is indicative of acrosome
disrupted or acrosome-reacted sperm [5,11]. Fluorescent conjugated lectins can be used ei‐
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ther in flow cytometry [18] or in cell imaging microscopy, and when combined with other
vital staining, such as Hoechst 33258 or 33342 and carboxy-SNARF/PI (carboxy-seminaph‐
thorhodafluor/ propidium iodide), or with the hypoosmotic swelling test they also allow to
distinguish between non-viable and reacted spermatozoa.

There are other fluorescent tests to evaluate the acrosome, like the chlortetracyclin (CTC)
staining, in which fluorescence is activated when there is bounding to free calcium ions.
When combined with another fluorescent dye, such as Hoechst 33258, the combined fluores‐
cent staining allows to differentiate from three different sperm populations: the uncapacitat‐
ed and acrosome intact (F-pattern), the capacitated and acrosome intact (B-pattern) and the
capacitated and acrosome reacted (AR-pattern) [5]. Today, CTC staining is a routine test to
assess the occurrence of the capacitation and the acrosome reaction; it has also been adapted
to flow cytometry analysis.

Additional tests can be performed for assessment of the occurrence of capacitation-like
events, using biological markers, molecules known to trigger or participate in the capacita‐
tion reaction. Determining the cholesterol efflux, the protein phosphorylation and changes
in intracellular calcium are some of the available methodologies. Nevertheless, for some in‐
dicators, it is still unclear how they correlate with sperm quality.

Furthermore, the acrosome status may be tested indirectly through calcium assessment or
by studying the response of sperm stimulation with calcium ionophores, progesterone or
egg vestments [14,15,17,19]. Acrosome defective sperm show poorer responses to calcium
testing than do the sperm with intact acrosome [6].

Changes in free Ca2+ concentrations in sperm may be studied by flow cytometry or indirect‐
ly by an ionophore challenge test, the later generating intracellular calcium signals that trig‐
ger the acrosome reaction [14,15,20]. The percentage of reacted spermatozoa is usually
determined using a fluorescent dye. Samples with 10 to 30% of reacted spermatozoa have
higher fertility potential than samples with less than 10% (this value being considered a
threshold) [20].

Recently, it was demonstrated that sperm exposition to progesterone induced similar but
more rapid Ca2+ signalling pathway, which seems to be independent of a known second
messenger system [19]. This behaviour allows the use of this molecule to challenge the
sperm acrosome function, as do the ionophore test. For a large number of species, granulosa
cells expelled with the oocyte from the ovulatory follicle have the capacity to produce pro‐
gesterone, which can affect the spermatozoa that approaches the egg for fertilization.

Protein phosphorylation can be studied using different approaches. Detection of phospho‐
tyrosine residues in the spermatozoa can be performed by immunocytochemistry (ICC) in a
cytology specimen (over silane- or poly-L-lysine-coated slides), using specific antibodies.
The reaction is amplified by the use of secondary antibodies and the reaction may be visual‐
ized either with a fluorescent or a non-fluorescent dye. Further, this technique also allows
the assessment of sub-cellular changes in the molecule localisation, besides the evaluation of
changes in the intensity of immunolabelling [7]. ICC may also extend to other proteins tar‐
geting acrosome-related functions.
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While ICC locates the molecule inside the cell, the Western blotting technique (also named
immunoblotting) may be used for quantification of the protein. After a gel electrophoresis,
the extracted proteins are transposed into a membrane and incubated with a primary anti‐
body for the target molecule (the same as for ICC). The reaction is revealed in an X-ray film
or a digital image [21]. The use of a cell or a molecular standard, like for the genomic assays,
will allow the relative quantification of the protein content in the sample. However, this
technique presents a weakness: the possible degradation of the target protein during sample
preparation may cause the visualization of multiple bands of different molecular weight.

Mass spectrometry and liquid chromatography, enhancing the separation and the identifica‐
tion of a large number of proteins, are often used for proteomics analysis. However, until
now, this method gives a catalogue of hundreds or thousands of proteins that are not easily
associated with sperm biological functions [22,23] and consequently there is not a practical
interest for the immediate sperm quality assessment. Yet, using specific regions of spermato‐
zoa or particular cell organelles to focus the analysis could turn this approach to be helpful
in the assessment of sperm function or specific sperm events.

3.2. Assessment of energy metabolism and sperm motility

Energy metabolism is  a  key-factor  in  sperm function.  It  is  supported by ATP pathway,
which is found in the background of the most important sperm events, such as hyperacti‐
vation,  capacitation  and  protein  phosphorylation  of  the  acrosome  reaction.  It  has  been
shown that high intracellular ATP values correlate with higher survival and vitality post-
freezing/thawing [24], while mitochondrial membrane potential mirrors the sperm quality
and a better motility pattern. A primary function associated with mitochondria is the ATP
synthesis by oxidative phosphorylation, although, energy might also be obtained by gly‐
cogenolysis in the sperm tail, a necessary complement to sustain energy in the tail and to
maintain an effective movement. In humans, a decrease in mitochondrial activity has been
found in patients with history of infertility even when normozoospermic [25]. Also, cumu‐
lative  evidences  suggest  that  mitochondrial  activity  is  positively  correlated  with  sperm
quality  and fertility,  possibly  associated with  the  fact  that  healthy mitochondria  have a
higher membrane potential [25].

The intracellular ATP content may be determined by an enzymatic assay (ATP/NADH-
linked enzyme coupling assay) in association with spectrophotometry. On this reaction, the
regeneration of hydrolysed ATP is linked to NADH oxidation. The assay measures the dif‐
ferences in NADH, which are proportional to the rate of ATP hydrolysis.

Sperm metabolic function may also be evaluated by assessment of the mitochondrial activi‐
ty. Integrity of the mitochondrial functioning can be assessed using specific dyes for these
organelles [7,43]. Earlier, rhodamine 123 (R123) was frequently used to selectively stain
functional mitochondria. It is a potentiometric membrane dye that fluoresces only when the
proton gradient over the inner mitochondrial membrane (IMM) is built up. When the proton
gradient collapses, the aerobic production of ATP fails, and mitochondria remain unstained
[13]. More recently, other dyes have been developed, which selectively bind to respirating
mitochondria and become fluorescent after oxidation. These can be used to test mitochon‐
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drial functionality, which has been correlated with the mitochondrial potential [25]. They
are named MitoTracker® and are available in red, green and orange colours. Live sperm
cells are suspended to incubate into a solution with the selected probe. Cells may be ana‐
lysed by flow cytometry, by microplate-based analysis or by epifluorescence microscopy,
using cytological preparations. The probes diffuse across the plasma membrane and accu‐
mulate in active mitochondria. To determine the percentage of MitoTracker positive sperm,
200 spermatozoa are usually counted per sample, in at least four fields, in a fluorescence mi‐
croscope [7], varying the spectral wavelength with the probe used. The MitoTracker® can be
combined with a vital dye, such as the Hoechst 33342, allowing the separation of different
sperm sub-populations: the dead spermatozoa, the live mitochondrial non-competent sperm
and the live mitochondrial competent spermatozoa. Also belonging to the MitoTracker dyes,
JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'- tetraethylbenzimidazolylcarbocyanine iodide) is a dual-
emission, potential-sensitive probe, which emits different fluorescent colours according to
the membrane potential (IMM): after incubation JC-1 is captured by functional mitochondria
where it stains in green if the IMM is polarized or in orange or red if the IMM is depolar‐
ized. Depolarization of IMM leads to the aggregation of the dye. The ratio of orange-to-
green JC-1 fluorescence depends only on the membrane potential, since it is independent of
the mitochondrial size, shape or density. Using this staining, a sperm sample can be com‐
posed of different combinations of fluorescent cells according to their mitochondrial inner
membrane potential [13]. The different labelling patterns may be correlated with parameters
such as sperm motility [7].

A different approach to assess the mitochondrial integrity is to assess the presence of sperm
mitochondrial proteins through the use of ICC [7,13]. This approach allows the detection
and location of target molecules within the cell and the study of the modifications to the ex‐
pected pattern of immunolabelling. One of the proteins available to study mitochondrial
function is the Cytochrome C oxidase or complex IV, which catalyzes the final step in the
mitochondrial electron transfer chain. This molecule is regarded as one of the major regula‐
tory molecules for oxidative phosphorylation. As in other ICC, cytological preparations are
set to incubate with the specific primary antibody, followed by incubation with the appro‐
priated secondary antibody. The revelation can be obtained with DAB (3,3-Diaminobenzi‐
dine) or using DAPI (4',6-diamidino-2-phenylindole) as fluorochrome, under light or
epifluorescence microscopy, respectively. The percentage of stained cells is determined over
200 spermatozoa in a minimum of 4 microscope fields.

Heat Shock Proteins (HSP), which are divided in families, are chaperon proteins involved in
the protection of intracellular macromolecules against unfolding and aggregation during
thermal and osmotic stress. HSP70 and HSP90, which have been found in the sperm, have
important functions in the cellular trafficking of proteins other than the refolding and trans‐
port of client proteins. The role of HSP’s on cell signalling in mature sperm is not clearly un‐
derstood. It is known that an active cell metabolism, such as ATP production, is required for
the expression of heat sock response [26,27]. HSP 70 and HSP 90 have separated ATPase and
client protein-binding sites [27] and also distinct roles in sperm function. It has been shown
that HSP70 and 90 are targets for protein phosphorylation, which is activated during capaci‐
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tation and capacitation-like response to sperm manipulation, in a reaction that might be as‐
sociated with the nitric oxide synthesis during oxidative stress [28]. Sperm is
transcriptionally inactive. Thus, HSP content in the spermatozoa is defined at ejaculation
and those proteins must be present in the cytosol to help protecting the sperm from injury
[29]. Therefore it is expectable to find a reduction of its amount or intensity of immunoex‐
pression for these molecules (if Western blotting or ICC were used) after the cell attack. In
canine ejaculates, a diminished number of sperm cells with low immunoreaction for HSP70
was found in semen of good quality. A reduction of the intensity of immunolabelling for
this molecule was found after freezing/thawing (Figure 4), along with dislocation of the im‐
munostaining from the acrosomal area to the sperm tail [30,31]. It has also been found a cor‐
relation between HSP70 immunoreaction in freshly ejaculated sperm and sperm damage
after freezing/thawing procedures [30,31].

Figure 4. Canine sperm immunoreaction against HSP70 (Scale bar = 10 μm). In freshly ejaculated sperm (on the left),
labelling for HSP70 is found over the acrosome region while the sperm tail is negative for this molecule. After freezing
(on the right), a reduction of the intensity of immunostaining over the acrosome was found, with some negative
sperm. In parallel, dislocation of the HSP immunoreactions to the sperm tail was observed.

3.3. Assessment of surface membrane integrity

Integrity of the sperm membrane is essential to sperm survival in the female genital tract
and to fertilization [32]. Until placed in the female reproductive tract, spermatozoa are main‐
tained in a hyperosmotic medium. Thereafter, it is passed into an iso-osmotic medium and
contacts not only with the genital fluid, but also with the epithelia of the uterus and the ute‐
rine tubes, where it is stored. Further, molecules present on the sperm surface are of utmost
significance for the spermatozoa interaction with the female local immune system, binding
with the uterine tube epithelium, to cross the oocyte vestments (cumulus cells and zona pellu‐
cida) and to fertilize the oocyte. The molecular and hormonal local environment possess an
important regulatory role on what concerns the sperm functions. However, to fulfil its role
the sperm needs to acknowledge those influences and to react accordingly. Cell membrane
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damages are one of the major side effects of cryopreservation and are irreversible [33]. It is
due to changes in the membrane structure and lateral phase separation of the membrane
components leading to focal aggregation of proteins, disarrangement of the membrane lip‐
ids and increased permeability to solutes [11,33].

When introduced in a hypo- or hypertonic environment, cells tend to adjust and reach os‐
motic equilibrium by allowing water and solutes to change across the cell membrane. Sper‐
matozoa, among other cells, have the ability to maintain their volume after osmotic shock
[1,34]. It has for long been proved that, for domestic species, cell volume control shows a
close positive correlation with fertility [1]. In the ejaculate, there is usually sperm with dif‐
ferent aptitudes and with differences in the ability to respond to osmotic stressors. This is
often related with membrane deficiencies in ion channels or signalling pathways that con‐
trol cell volume. The ability to adapt to osmotic changes can be tested by the hypoosmotic
test (HOST), an indirect method to assess the membrane integrity, where sperm is incubated
in hypoosmotic solutions between 1-60 minutes at 37ºC. Spermatozoa with intact plasma‐
lemma become swollen and present coiled tails when incubated in a sucrose solution (rang‐
ing from 75 to 150 mOsm, according to the species) (Figure 5). After longer exposures, they
recover the initial volume [34]. Although currently used for in vitro semen assessment, this
evaluation is subjective and not quantitatively rigorous. It is also possible that a number of
sperm cells may die if prolonged incubation periods are used, biasing the results. However,
it becomes more precise if performed with the aid of an electronic cell counter. In this ap‐
proach, known as the volume regulatory test, after the osmotic challenge, sperm passes
through a capillary pore and cell volume is determined upon changes in the electric resist‐
ance to passage. The results are expressed as cell frequency distribution for the iso- and the
hypoosmotic moments of the test and the amount of displacement of the distribution curve,
which reflects the adaptability of the sampled cells [1].

Different combinations of fluorescent membrane-impermeable dyes may also be used to as‐
sess the sperm membrane integrity. Most commonly used ones, also show some degree of
affinity for DNA, as for Hoechst 33258, propidium iodide (PI) or ethidium homodimer 1
[11]. Alternatively acylated membrane dyes are also used. These dyes can cross the intact
cell membrane and be held in the viable spermatozoa. When the plasma membrane is dam‐
aged, the probe leak out of the cell. More recently, fluorescein diacetate (CFDA), carbox‐
yl(methil)-derivates, such as carboxyl-SNARF and SYBR-14 have been used for this purpose
(for more detail, see [11]). This sort of probes can be combined and used with flow cytome‐
try. The combination of different patterns allows estimating different degrees of sperm via‐
bility [13]. When combined with PI, green fluorochromes such as CFDA
(Carboxyfluorescein diacetate) or SYBER-14 are replaced in the dead spermatozoa by the red
fluorescence, which is not found in the membrane intact sperm. Carboxyl-SNARF, a pH-in‐
dicator, stains the live spermatozoa in orange, whilst Hoechst 33258 stains the dead sperma‐
tozoa in bright-blue [11].

Sperm membrane integrity can also be assessed by the use of merocyanine 540 (MC540), a
hydrophylic probe with highly disorganized lipids that shows a high affinity pattern for in‐
stable membranes. This probe allows to monitor the changes in the cell membrane lipid ar‐
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tation and capacitation-like response to sperm manipulation, in a reaction that might be as‐
sociated with the nitric oxide synthesis during oxidative stress [28]. Sperm is
transcriptionally inactive. Thus, HSP content in the spermatozoa is defined at ejaculation
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relation between HSP70 immunoreaction in freshly ejaculated sperm and sperm damage
after freezing/thawing procedures [30,31].
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labelling for HSP70 is found over the acrosome region while the sperm tail is negative for this molecule. After freezing
(on the right), a reduction of the intensity of immunostaining over the acrosome was found, with some negative
sperm. In parallel, dislocation of the HSP immunoreactions to the sperm tail was observed.
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chitecture. Two sperm populations may be found under a fluorescent microscope: sperm
with intact membranes devoid of fluorescence and sperm with disordered cell membranes
that emit fluorescence [7,35]. This probe further labels sperm round, apoptotic bodies, which
are more frequently found in men with decreased sperm quality [14]. Whether these struc‐
tures are indicators of pathological or excessive apoptosis in the male genital tract or simply
cell remnants of similar density to sperm heads is still to prove.

Figure 5. Canine spermatozoa in a HOST test (magnification 100x).

Besides the modifications on lipid arrangement in sperm plasma membrane, loss of mem‐
brane integrity also induces disorganization of the membrane proteins. In fact, in defective
sperm or after cold-shock, the clustering of the membrane proteins is frequently observed.
At fertilization, such modifications can interfere with the exposition of molecular epitopes
and compromise receptor-ligand interactions between sperm and the oviductal cells or the
oocyte [15,36]. A more conservative approach to test these changes includes the functional in
vitro gamete interaction tests, such as the oocyte penetration test or the hemi-zona assay (for
a quick review see [11]). The zona pellucida binding assay tests the ability of spermatozoa to
interact with the zona pellucida of the oocytes. It is an assay with much variability and it
tends to be replaced for the hemi-zona assay, which has the advantage of allowing the com‐
parison between 2 sperm samples (one being used as control) on a single ovum. The oocyte
penetration test assesses the fertilizing ability of spermatozoa by evaluating the presence of
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fluorescent spermatozoa heads in the perivitelline space and in the ooplasm after several
hours of sperm-oocyte co-incubation [37].

Further, ICC, Western blotting, Chromatography and ELISA (Enzyme-linked immunosorb‐
ent assay) techniques can be used to detect the immunoexpression of particular membrane
proteins (like integrins, adhesins or membrane-anchored proteases- ADAM) and to assess
possible changes in immunoexpression in defective sperm following a challenging stimulus.

Recently, some studies have been presented, concerning the water channels function in sper‐
matozoa and their functions in the cell volume regulation and sperm adaptation to environ‐
mental changes in osmotic pressure. Aquaporins (AQPs) are a family of proteins highly
specialized in water permeability and involved in water transport across membranes. It has
been demonstrated that AQP3 is an important water channel localized on the principal piece
of the sperm tail, which acts like a key-fluid regulator for sperm osmoadaptation, protecting
the cell membrane from swelling and mechanical stretching damages [38]. By using a fluo‐
rescence immunocytochemistry approach and flow cytometry, it was found that in AQP3
defective sperm exist an increased proportion of tail bending at cytoplasmic droplet under
osmotic stressor conditions, which were associated to membrane rupture and exaggerated
cell swelling during HOST, along with decreased sperm motility and reduced fertilization
[38]. Additional AQP’s have been localized on the sperm of different species. AQP7 and
AQP8 may play a role in the glycerol metabolism and water transport respectively, with
AQP7 showing some association with sperm progressive motility [39].

3.4. Assessment of the oxidative stress and apoptosis

Sperm metabolism in aerobic conditions originates oxidative molecules (reactive oxygen
species or ROS - short-lived reactive chemical intermediates), which are highly reactive and
oxidize lipids, proteins and glycides. Cells contribute to the maintenance of the oxidative
homeostasis by controlling the amount of ROS, converting them into less injuring molecules
[40,41]. Excessive ROS production damages the sperm membrane, reduces motility (by de‐
creasing membrane potential), induces irreparable DNA damage and is closely associated
with apoptosis [42,43]. Oxidation reaction in the membranes increases ROS, changes mem‐
brane fluidity and compromises its integrity, impairs ion-gradients and lipid-protein inter‐
action and causes changes in proteins [44,45]. The seminal plasma possesses various natural
antioxidants that protect spermatozoa against the oxidative stress which are removed when
sperm is diluted or submitted to a process for preservation. Spermatozoa are particularly
susceptible to lipid peroxidation, and one should be aware that semen manipulation and
cryopreservation-thaw procedures accelerate the production of reactive oxygen species.
Within the spermatozoa, mitochondria and the plasma membrane are the most sensitive
structures to ROS [45].

Lipid peroxidation (LPO) releases membrane polyunsaturated fatty acids that are used as
substrates for ROS and hydroxyl radical generation. The most frequent product of LPO is
malonaldehyde (MDA) [44]. LPO can be indirectly assessed using a spectrophotometer by
measuring thiobarbituric acid reactive (TBAR) substances; the method is based on the meas‐
urement of the complex formed by the reaction of MDA with TBA under a temperature
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stressor (incubation at 100ºC), which produce a pink-coloured chromogen and is readable at
a wavelength of 532 nm. Also, the fluorescent probe BODIPY581/591-C11 (4,4-difluoro-5-(4-
phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid) is frequently used
in association with flow cytometry to assess LPO in the sperm. BODIPY is a fatty acids sen‐
sitive fluorescent probe that changes fluorescence from red to green in the presence of lipid
peroxidation. Its association with a vital probe further allows to evaluate the fluorescence
emission ratio in living cells [44,46].

Additional,  currently  used  methods  also  include  the  glutathione  peroxidase  reaction
(where the hydrogen peroxide oxidizes GSH (reduced glutathione)  into GSSG (oxidized
glutathione) in the presence of glutathione reductase and NADPH results from the con‐
sumption of NADPH in proportion to the peroxide content), by flow cytometry measure‐
ment  of  the  fluorescent  intensity  of  the  compounds  oxidized  by  ROS  (such  as  the
dichlorofluorescin diacetate- DCFH-DA- or the Hydroethidine- HE),  using the gas-liquid
chromatography  separation  of  lipid  peroxides,  followed  by  its  identification  by  mass
spectrometry  and  by  measuring  cytotoxic  aldehydes  through  high  performance  liquid
chromatography (HPLC) [44,45].

ROS production can be directly monitored by a luminol or a lucigenin-based chemillumi‐
nescence assay [43,45]. This assay does not distinguish between intracellular and extracel‐
lular  ROS,  but  it  differentiates  between  the  production  of  superoxide  and  hydrogen
peroxide according to the probe used (lucigenin and luminol, respectively for superoxide
and hydrogen peroxide). Measurement of chemilluminescence is proportional to ROS ac‐
cumulation [45].

An important side effect of the oxidative stress is apoptosis [42]. The most important
changes associated to sperm apoptosis are the externalization of the phosphatidylserine
(PS), a molecule usually confined to the inner leaflet of the plasma membrane, the caspase
system activation, the DNA fragmentation, the lost of mitochondrial integrity and the in‐
crease of cell membrane permeability [41]. To assess sperm apoptosis it is frequently used
the Annexin V, a Ca2+-dependent PS-binding protein that reacts to the PS, which is translo‐
cated to the outer leaflet of the plasma membrane in damaged sperm. Annexin V can be con‐
jugated to fluorochromes such as FITC (Fluorescein isothiocyanate) in flow cytometry
analysis. If a vital staining is used, such as the propidium iodide, the combination allows to
distinguish between three sperm sub-populations: viable (Annexin-FITC-PI-negative), early
apoptotic (Annexin-FITC-positive and PI-negative) and late apoptotic (Annexin-FITC-PI-
positive) [7,41].

Caspases are molecules associated with the apoptotic pathway and can be classified as ini‐
tiators or executors; caspase 7 and 9 are initiators, while active caspase 3 is an executor. The
determination of the caspase enzymatic activity in sperm extracts, in comparison to the one
of neutrophils, can also be used to assess apoptosis in sperm, which may be completed by
the semiquantitative determination of active caspase 3 and caspase 7 content, by Western
blotting. Caspase activity has been shown to be consistently higher in low motility sperm, in
particular, the active caspase 3 [47].
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Assessment of additional molecules known to be involved in the apoptosis mechanism, which
might work as possible biological markers, can be performed by ICC, Western blotting or even
in proteomic studies. Some molecules participating or regulating apoptotic processes in cells
have been analysed in sperm and in semen, and its concentration was found to correlate with
sperm quality. Among these molecules, TNF localization in pig and canine sperm has been per‐
formed [48,49]. The immunolabelling is limited to the sperm mid-piece in the mitochondrial re‐
gion (Figure 6) and it has been demonstrated that a decrease in TNF immunoreaction is
observed in spermatozoa incubated in a capacitating medium. When exposed to TNF, sperma‐
tozoa showed decreased motility, increased PS externalization and chromatin and DNA dam‐
age, changes that are usually associated with apoptosis [50].

Figure 6. Sperm immunoreactions against TNF. In canine spermatozoa, strong immunolabelling for TNF was found in
sperm mid–piece, in the mitochondrial region.

3.5. Assessment of DNA integrity

An association between infertility and the integrity of DNA content in sperm has been sug‐
gested. The integrity of male DNA is of utmost importance for embryo development and
offspring production [13,41]. DNA damage is not usually perceived under classic or ad‐
vanced semen assessment, but has been proposed to be at the origin of infertility in normo‐
spermic individuals. DNA damage (abnormal chromatin structure) may arise from different
processes: deficient recombination or packaging during spermatogenesis, apoptosis and oxi‐
dative stress. DNA loss of integrity does not always impair fertilization, but compromises
sustainable embryo development, predisposing to embryo losses and abortion [9,15]. DNA
fragmentation may be associated with various pathological and environmental conditions
[51,52], but also with endogenous mechanisms such as the oxidative stress and apoptosis.
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Evaluation of sperm DNA integrity can be achieved by a variety of tests covering different
aspects of the DNA damage. Unfortunately, most of the available techniques provide limit‐
ed information regarding the nature of the DNA lesions evidenced, and do not allow to
highlight the exact pathogenesis of disrupted sperm DNA [53,54].

Less expensive methods to assess the sperm chromatin structure uses chromatin structural
probes or dyes, such as the acridine orange (measures the susceptibility to conformational
changes), the aniline blue (that stains loosely condensed chromatin), chromomycin α (com‐
peting with protamine binding to DNA, it reveals protamination defects on sperm) and the
toluidine blue (that stains phosphate residues of fragmented DNA). However, several fac‐
tors modulate the DNA staining of chromatin, decreasing their specificity [52].

Nowadays, the most currently used tests of sperm DNA fragmentation are: the Comet assay
(single cell gel electrophoresis), the TUNEL (terminal deoxynucleotidyl transferase-mediat‐
ed dUTP (2´-deoxyuridine, 5´-triphosphate) nick end labelling) assay, the sperm chromatin
structure assay (SCSA) and the sperm chromatin dispersion (SCD) test. The first three assays
focus on the DNA fragmentation detection, while the last assay is a sperm nuclear matrix
assay detecting possible deficient DNA repair or chromatin disorganization [43]. On table 1
we compare these methods.

The Comet assay is a fluorescence microscopic test that identifies single (SS) and double-
stranded (DS) DNA in single sperm. In this assay, sperm cells are mixed with low-to-moder‐
ate melting agarose and then placed on a glass slide. The cells are lysed and then subjected
to horizontal electrophoresis, the DNA being visualized with the aid of a fluorochrome dye.
DNA damage is quantified by measuring the displacement between the genetic material of
the comet nucleus (unbroken DNA) and the resulting tail (damaged DNA) [21,52,53]. The
length of the tail is positively correlated with the percentage of DNA fragmentation. Al‐
though highly sensitive, this method is also labour intensive and the comet tail is of difficult
standardization. Further, less apparent clinical association exists between the test results
and clinical infertility [43], and clinical thresholds were yet to be established.

TUNEL assay is possibly the most common method used to assess sperm damage in sperm.
It can be used as another ICC method, in both bright field and fluorescence microscopy, or
associated with flow cytometry. In the TUNEL assay, terminal deoxynucleotidyl transferase
(TdT) incorporates labelled nucleotides into 3′-OH at single- and double-strand DNA
breaks, creating a signal of increasing intensity according to the number of DNA breaks. The
fluorescence intensity of each analysed sperm is scored as a “positive” or “negative” on a
microscope slide. When conjoined with a flow cytometer, precision of the method increases
due to the increased number of cells analysed [43,53]. Proportion of TUNEL positive cells
seems to be correlated with decreased pregnancy rates [13]. However, numerous variations
for the test exist, which reduces its liability.

The sperm chromatin structure assay measures in situ DNA susceptibility to acid-induced
DNA denaturation. It uses a flow cytometer and the acridine orange fluorescence, a tradi‐
tional fluorescent dye that shows different colour when bonded to single- (red) or double-
stranded (green) DNA [43]. The degree of red fluorescence in a sample (named DNA
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fragmentation index - DFI) has been associated to male infertility [13,43,53]. It is possible to
score different spermatozoa populations by using SCSA: the sperm without fragmented
DNA, the sperm with moderate DFI and the sperm with high DFI.

The sperm chromatin dispersion test (SCD) is a method based on the principle that sperm
with fragmented DNA fail to produce a halo, which is characteristically observed in sperm
with non-fragmented DNA, when mixed in aqueous, low melting agarose followed by acid
denaturation and removal of nuclear proteins [21,54]. Despite not being necessary, this test
can be visualised using a fluorescent dye (such as propidium iodide, DAPI or ethidium bro‐
mide) or simply be stained with Diff-Quick® reagent. Halosperm® is a commercial kit to as‐
sess DNA fragmentation in sperm from different species, before or after semen
manipulation. Regarding this kit, sperm presenting a large- and medium-sized halo is con‐
sidered to have no fragmentation, while spermatozoa having a small halo or without halo is
classified as having DNA fragmentation (Figure 7) [55].

Assay Parameter Principle Detection method

TUNEL Addition of labeled dUTP nucleotides

with deoxynucleotidyl transferase to SS

and DS DNA breaks

Template independent

Cells with labelled DNA (%) Microscopy (bright or

fluorescence)

Flow cytometry

Comet Fragmented DNA in sperm cells is

detected by eletrophoresis

Alkaline conditions denature DNA and

reveals SS and DS DNA breaks

Neutral conditions reveal mostly DS

breaks

% cells with migration tails

(fragmented DNA) and also

the length of the tail (% DNA

in the tail)

Fluorescence

microscopy

SCSA Mild acid treatment denaturates and

lyses DNA with SS or DS breaks

Acridine orange differentially emits

fluorescence with DS DNA (Green) or SS

DNA (Red)

DFI (%) = cells with red

fluorescence divided by the

total of cells (red+green).

Flow cytometry

SCD Mild acid denaturation of DNA and lysis

of protamines induce a decondensation

halo around sperm head if DNA is intact,

and no halo is observed if DNA is

damaged

% Cells with small or no halo Microscopy (bright or

fluorescence)

Table 1. Comparison of available methods for assessment of DNA fragmentation is spermatozoa (Adapted from [56]).
(SS- Single-stranded; DS- Double-stranded; DFI-DNA fragmentation index)

Molecular Markers in Sperm Analysis
http://dx.doi.org/10.5772/52231

109



Evaluation of sperm DNA integrity can be achieved by a variety of tests covering different
aspects of the DNA damage. Unfortunately, most of the available techniques provide limit‐
ed information regarding the nature of the DNA lesions evidenced, and do not allow to
highlight the exact pathogenesis of disrupted sperm DNA [53,54].

Less expensive methods to assess the sperm chromatin structure uses chromatin structural
probes or dyes, such as the acridine orange (measures the susceptibility to conformational
changes), the aniline blue (that stains loosely condensed chromatin), chromomycin α (com‐
peting with protamine binding to DNA, it reveals protamination defects on sperm) and the
toluidine blue (that stains phosphate residues of fragmented DNA). However, several fac‐
tors modulate the DNA staining of chromatin, decreasing their specificity [52].

Nowadays, the most currently used tests of sperm DNA fragmentation are: the Comet assay
(single cell gel electrophoresis), the TUNEL (terminal deoxynucleotidyl transferase-mediat‐
ed dUTP (2´-deoxyuridine, 5´-triphosphate) nick end labelling) assay, the sperm chromatin
structure assay (SCSA) and the sperm chromatin dispersion (SCD) test. The first three assays
focus on the DNA fragmentation detection, while the last assay is a sperm nuclear matrix
assay detecting possible deficient DNA repair or chromatin disorganization [43]. On table 1
we compare these methods.

The Comet assay is a fluorescence microscopic test that identifies single (SS) and double-
stranded (DS) DNA in single sperm. In this assay, sperm cells are mixed with low-to-moder‐
ate melting agarose and then placed on a glass slide. The cells are lysed and then subjected
to horizontal electrophoresis, the DNA being visualized with the aid of a fluorochrome dye.
DNA damage is quantified by measuring the displacement between the genetic material of
the comet nucleus (unbroken DNA) and the resulting tail (damaged DNA) [21,52,53]. The
length of the tail is positively correlated with the percentage of DNA fragmentation. Al‐
though highly sensitive, this method is also labour intensive and the comet tail is of difficult
standardization. Further, less apparent clinical association exists between the test results
and clinical infertility [43], and clinical thresholds were yet to be established.

TUNEL assay is possibly the most common method used to assess sperm damage in sperm.
It can be used as another ICC method, in both bright field and fluorescence microscopy, or
associated with flow cytometry. In the TUNEL assay, terminal deoxynucleotidyl transferase
(TdT) incorporates labelled nucleotides into 3′-OH at single- and double-strand DNA
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due to the increased number of cells analysed [43,53]. Proportion of TUNEL positive cells
seems to be correlated with decreased pregnancy rates [13]. However, numerous variations
for the test exist, which reduces its liability.
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DNA denaturation. It uses a flow cytometer and the acridine orange fluorescence, a tradi‐
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Figure 7. Image of the Halosperm® test for DNA fragmentation in horses and dogs. The existence of a large halo is
indicative of DNA integrity (Adapted from [56]).

4. Concluding remarks

Conventional, currently methods used in sperm quality assessment are unsatisfactory to
correctly predict sperm fertility potential and do not provide sufficient information for diag‐
nosing and overcome some clinical infertility situations. The major advantages of biomarker
approach over conventional semen analysis are the proficiency to accurately measure bio‐
marker levels and to expose hidden sperm defects, which go undetected during current
sperm morphology assessment. Newer, unconventional diagnostic tests of sperm function
have the increased potential to deliver relevant information and to have an effective predic‐
tive role in male reproductive medicine. In the present work, several molecular markers
have been presented for each of the sperm functions. Some are already used in human an‐
drology, but are less used for the animals. Its use allows an increased efficiency in the identi‐
fication of infertile individuals or to predict the sperm behaviour to manipulation, hence
predicting the degree of damage to be expected for a given sperm sample. The development
of test based on predicted sperm functions such as capacitation and in particular sperm–oo‐
cyte interaction will present increasing impact on the field of extenders research, as well as
of semen banks implementation for both domestic and wild species. It is of utmost interest
the characterization of a particular biomarker patterns/levels in fertile and infertile samples,
with the subsequent ability to identify males with superior tolerance to semen cryopreserva‐
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tion. Nevertheless, putative molecular markers that may be used for sperm quality assess‐
ment were not exhausted in this review. Further efforts must be focused on understanding
how these biomarkers correlate with transient impairments of male infertility caused by
heat stress, malnutrition, diseases or trauma. Finally, the adjunctive evaluation of spermato‐
zoa functions is particular important when considering sperm storage.
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1. Introduction

The productivity of the swine confinement has been steadily increasing in the last years. Ac‐
cording to data from [1], the largest producer of pork is China, which is responsible for pro‐
ducing 49.5 million tons and is followed by the European Union, United States and Brazil
(22.5; 10.2 and 3.2 million tons, respectively). The increased productivity of the swine meat
is mainly related to the use of technology in the genetics, nutrition, health and reproduction
areas. The adoption of the artificial insemination (AI) in pigs from the 70-ies has been signif‐
icantly contributing to the development of swine production [2].

AI has contributed to the increase of animal production, since it accelerates the dissemina‐
tion of desirable characteristics from genetically superior animals. Worldwide, it is believed
that 90% animals raised commercially are inseminated and this number is expected to fur‐
ther increase [3]. Thus, this biotechnology has been investigated in order to ensure best pro‐
duction indexes. These are supported by high rates of pregnancy and commercialization of
the semen doses has been found, such as the creation of AI centrals in Denmark, Canada
and Netherlands, which totalized exports to 35 countries in 2010.

The health issue and the difficulty of cryopreservation of the doses are considered as the
main barriers to commercialization of doses from boar semen. Numerous studies have been
carried out in order to develop efficient cryopreservation protocols, since this is the main
method to ensure the maintenance of viable doses for a long period, as allowing for their
transportation to long distances. Initially, the objective concerning AI was to obtain a better
control over the sanitary conditions. However, it was noted that the considerable develop‐
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ment of this biotechnology was not accompanied by scientific knowledge related to the
transmission of diseases. On one hand, the use of the artificial insemination has the great ad‐
vantage in optimizing the use of the boar, whereas reducing the number of animals in the
farm and consequently the costs of the management, medicines and animal acquisitions, the
AI may function as a means diffusing pathogens, since there is no ideal sanitary control dur‐
ing the collection and manipulation of the semen. In this case, the AI using contaminated
semen just maximizing spread of certain virus and bacteria since a single boar ejaculate can
be used for insemination of various sows.

In this context, a considerable concern is assumed in relation to hygienic procedures in the
semen manipulation process, especially in relation to semen destined for international mar‐
ket [3]. This fact is justified by the evidence of the possibility for transmission of some dis‐
eases via semen of swine. Among the possible agents that can transmit diseases are
Aujeszky's disease virus, classical swine fever virus (CSFV), african swine fever virus, porcine cir‐
covirus 2 (PCV2), porcine reproductive and respiratory syndrome virus (PRRSV), porcine parvovi‐
rus (PPV), Chlamydia sp., Leptospira sp, Mycobacterium tuberculosis, Mycobacterium
paratuberculosis and Brucella abortus [4].

The effect from contamination of the boar´s semen may represent a considerable economical
loss to the producer. This occurs because the presence of the bacterial or viral agents in the
semen leads to the loss of fertility and reduction of the semen quality in male, and embryon‐
ic/fetal death, endometritis and systemic infection in the inseminated females, thereby con‐
tributing to reduction in the size of the litters.

Although the routine addition of antibiotics (ATB) in the seminal diluents may even elimi‐
nate a high number of contaminant bacteria, most viral agents still remain alive. Therefore, a
concern has been assumed in relation to those pathogenic agents. Despite the availability of
studies concerning to antivirus, these ones are still not used commercially due to ineffective‐
ness of the action, especially related to high toxicity to sperm cells. Thus, the main control
criteria AI are limited to veterinary communication, inspection by health agencies and con‐
trol strategies such as vaccination, isolation and monitoring of animals [5]. Moreover, effi‐
cient routine tests for identification of contaminants in the semen samples still remain as a
reality that is very far from the existent commercial farms.

Thus, this chapter aims to clarify some points referring to the potential for contamination by
infectious agents during AI procedure in pigs, as well as to identify the main agents likely to
be transmitted by this biotech, which can contribute to reduced fertility of the animals, be‐
sides the possible control measures that should be performed in order to reduce the dissemi‐
nation and effect of those pathogens on animals.

2. Main risky points during Artificial Insemination (AI)

IA is a commercially widespread technique worldwide. Therefore, the procedure for collec‐
tion and manipulation of the semen besides the AI itself must be carefully accomplished in
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order to ensure that AI will not represent a risky factor for transmission of infectious diseas‐
es. Although there are wide variety of diseases that could contaminate the semen and conse‐
quently the inseminated female, the significance of a particular disease will vary according
to epidemiological parameters and geographical localization of the farm. Even the risk for
disease transmission is not the same in different countries of the world. Hence, the concept
of pathogen-free centrals has become a common cause, since it is possible to obtain the
pathogen-free semen either in countries that are free and in those that are not free from cer‐
tain disease, according to definition by World Organization for Animal Health (OIE).

Guérin and Pozzi, (2005) [6] suggested that diseases able to cause negative impact on AI can
be evaluated according to health risk as follows: a) Diseases that were eradicated within a
country or continent, such as the Classical Swine Fever in Brazil; b) diseases to which there
is already an integrated program for control in AI, such as the CSFV or Aujeszky's disease,
which implies a negative state of the donor boars; c) diseases that are considered as likely to
be transmitted by AI, such as diseases associated with PCV2, PPV and transmissible gastro‐
enteritis, which are neither controlled nor associated with prophylactic measures routinely
adopted.

The seminal contamination may be classified as extrinsic or intrinsic. The first case occurs
when contamination occurs through an external source, such as feces or contaminated mate‐
rials used during semen collection or processing. The intrinsic contamination occurs due to
viral infection that can be systemic or local, as occasioning viral elimination through testi‐
cles, accessory or preputial glands [6]. Thus, it can be indicated that the main risk points for
contamination of the semen can occur at the semen collection stages, in semen manipulation,
or in artificial insemination procedure according to sanitary conditions of the farm.

Before the semen collection procedure, all utensils to be used and specially the material in
contact with the semen must be sterilized according to routine hygienic procedures and
equipments available at each AI station. The use of dry heat (ovens), moist heat (autoclave)
and radiation (ultraviolet) are most suitable for sterilization. These materials include the col‐
lecting funnel and the collecting glass where the semen will be stored until the moment of
dilution. Because accidents may occur during the collection procedure, it is advisable to
build up a stock of sterile materials ready to be used in the case of contamination during the
procedure.

The animal’ prepuce is usually contaminated by a wide variety of infectious agents, as re‐
ported by some authors [7,8,11]. Thus, the occurrence of agents such as Corynebacterium suis,
Arcobacter spp. and the Aujeszky's disease virus (ADV) in the ejaculate of the infected ani‐
mals becomes a real possibility to be considered. Therefore, the examination of the semen-
donor animals prior to collection of the semen is essential in order to ensure the sanitary
quality of the semen. However, this previous evaluation may be not completely effective.
This is due to the fact that certain viral agents, such as ADV which causes the Aujeszky's
disease, have the peculiar ability to establish latency in the reproductive organs, therefore
causing contamination of the semen although the animals remain serologically negative for
those diseases [9]. Other viral agents such as PCV2 and PRRSV have a determinated sero‐
conversion period over which the agent will be eliminated through semen. Even when the
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animal is serum-negative for the infection [10], this elimination may still occur under contin‐
uous or intermittent way during the months after infection [12]. Another measure that can
be taken in order to reduce contamination is the elimination of the first ejaculatory jets, that
are characterized by high microbial contamination, therefore obtaining a better quality of
the semen. The environmental contamination is also a factor to be considered during the col‐
lection procedure. Thus, the sanitary procedure of either male’ preputial region and the
dummy sow used for collection are routine procedures to avoid an eventual contamination
of the semen outside the animal’ body.

When processing the semen, certain hygienic precautions should be taken during its dilu‐
tion and straw filling in order to prevent contamination. Regardless of the viral source, the
storage and manipulation conditions are fundamental to predict the potential risk for con‐
tamination of the semen. It is known that the fresh semen is favorable to preservation and
dissemination of the virus between species [6]. Therefore, the places where they will be in
contact with the semen should be thoroughly sterilized to prevent contamination. There is a
false impression that the antibiotics present in diluents can prevent bacterial contamination,
but this detail should be cautiously considered, since the antibiotic doses contained in the
seminal diluents might contain only the bacterial proliferation and are ineffective against
some specific strains and virus [13].

Another factor to be considered is the insemination procedure itself. During AI, the main
contaminative source is the feces, which is contaminated mainly by Porcine sapelovirus.
Therefore, the care related to washing of the perianal region should be reinforced in order to
avoid contamination. Other agents which may be found in the feces such as Escherichia coli,
Salmonella sp., Rotavirus A, Porcine Adenovirus, when introduced into uterus through in‐
semination pipette, may cause the infection of the uterus and consequently leads to reduc‐
tion of fertility and litter size.

Concerning to the intrinsic contamination forms, many local and systemic diseases may
move towards the reproductive tract and are transmitted via semen. Those diseases can be
divided into viral and bacterial diseases. In relation to viral diseases, some have more poten‐
tial risk for transmission, as presented in Table 1.

Most  diseases  that  affect  the  reproductive  tract  and  are  caused  by  viral  agents  rather
provoke classical  clinical  signs  that  serve as  parameters  for  isolation of  the  animals  be‐
sides avoiding the animal reproduction. However, some diseases may be transmitted via
breeding, even when the animal shows no clinical signs becoming an even greater prob‐
lem, since it is not possible to identify the infected animal [14]. It is believed that the pe‐
riod  over  which  there  is  greater  release  of  viral  load  is  when  the  animal  shows  the
clinical stage of the disease [15].

In cases of the appearance of clinical signs, generally the males are not used for reproduction.
Furthermore, the males usually refuse to make the natural mating during those situations. In
addition, there is the guarantee of the reduced risk for transmission the disease, unlike when
there is no apparent infection. Finally, the insemination of the sows infected with a semen does
not necessarily result into contamination of the female and the onset of the clinical disease in
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the same one. Thus, the complexity of the conditions required for establishment of this process
were experimentally proved.

Agent Virus Isolation in Semen Potential risk for contamination

Porcine adenovirus + Low

Aujeszky diseasevirus + +

African swine fever virus + +

Blue eye disease virus + +

CSFV + +

Porcine sapelovirus + +

FMDV + Low

Influenza virus + Low

PCV2 + +

PPV + +

PRRSV + +

Reovirus + Low

SPV ND +

SVD + +

TGEV + Very Low

Table 1. Presence of the viral agents in semen of pigs and the risk for their transmission through AI (Adapted from
[14] and [6]. ND: No data; CSFV:classical swine fever virus; FMD: foot and mouth disease virus; PCV2: porcine circovirus
2; PPV: porcine parvovirus; PRRSV: porcine reproductive and respiratory syndrome virus; SPV: swine papilloma virus;
SVD: swine vesicular disease virus; TGEV: transmissible gastroenteritis virus.

Depending on pathogen, other less important forms of the seminal contamination should be
considered. Among them, it can mentioned the transmission through aerosols, urine, fo‐
mites, people, vectorial insects, birds and wild mammals [5].

Finally, for complete determination of the level for the disease transmission risk in a farm,
the hygienic and sanitary standards adopted in this farm should not be disregarded. In prac‐
tice, it is observed that farms which do not provide effective vaccination programs and
present failures in sanitary practices are more subject to contamination of the animals. The
animals under these environmental conditions face a constant challenge.

3. Major contaminants of semen during AI procedure

With the high spread of the AI technique, semen has become an important vehicle for dis‐
semination of pathogenic agents, either by previous infection of the male’ reproductive tract
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or by contamination of the ejaculate through inadequate hygiene of the person collecting, di‐
rect contact with animal’s feces or even the use of contaminated diluents. Several agents
such as viral or bacterial, may be present in semen or may contaminate it after ejaculation.

3.1. Bacterial contaminants

Naturally,  the  pig’  fresh  semen  contains  approximately  104  to  105  bacteria/ml  [16].  Al‐
though those bacteria are not pathogenic, they present spermicidal effect, especially when
they are present at high concentrations [17]. To aggravate the situation, the majority of the
bacteria which may be present in semen have innate or acquired resistance to antimicrobi‐
al agents added to diluters of the semen [18].  Many antimicrobial  agents may still  have
their optimum action impaired by environmental conditions, such as the temperature [19].
Therefore, even with addition of antibiotics, the bacterial transmission through AI is a sit‐
uation that may occur.

Common bacteria which are associated with infections of the sows´ genital tract and are pos‐
sibly transmitted via semen are presented below.

3.1.1. Leptospira spp.

Spirochetes of the Leptospira genus are the agents causing leptospirosis, a disease mainly
characterized by reproductive disorders. In serological study conducted in Brazil, Favero et
al. [20] (2002) observed that the most prevalent serovars associated with Leptospirosis are:
pomona, icterohaemorrhagiae, copenhageni and tarassovi. The disease has worldwide dis‐
tribution and leads to infertility of the animals [21].

The main route for elimination of the Leptospires is through urinary system [22]. However,
they may be present in the infected animals´ semen, as causing the infection of the female
and can lead to reproductive complications during the bacteremia phase, inclusive abortion
[23]. The bacteria can persist in the kidneys and reproductive organs of both males and fe‐
males, therefore facilitating the dissemination of the disease in herd, requiring an early diag‐
nosis of the disease.

To fill out this need, the tests for antibody detection by serology are effective. However, for
serotyping the Leptospires is necessary to consider other diagnostic techniques. Attention
should be given to the vaccinated seropositivos animals, since the antibodies are likely due
to vaccinal reaction. For detection of the agent, molecular tests can be performed by PCR
and immunoassay such as the direct immunofluorescence [24, 25].

In the case of a positive diagnosis,  even with few affected animals,  the control  must be
taken by adopting the following criteria:  management,  fight against rodents,  vaccination
and drug treatment in order to prevent the dissemination of the disease in the herd. Con‐
sidering that Leptospira are sensitive to a wide variety of antimicrobial agents, the treat‐
ment associated with vaccination and sanitary measures provides an effective control of
the disease [26].
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3.1.2. Mycobacterium sp.

Bacteria of the Mycobacterium genus are agents causing tuberculosis, a disease character‐
ized by provoking granulomatous lesions in various organs. In pig herds, Mycobacterium
avium is the most prevalent species, but infections caused by Mycobacterium tuberculosis and
Mycobacterium bovis can also occur [27]. Although pulmonary tuberculosis is the commonest
form, the dissemination of the infection by several other organs can occur in a form so-called
milliary tuberculosis [28].

When the disease appears under milliary form, the granulomatous lesions may be present in
the reproductive organs with caseous necrosis with areas of calcification in the testis and ep‐
ididymis, therefore the elimination of the microorganisms by semen will occur [29, 30].

Those lesions associated with confirmatory tests, by using special colorations to identify the
alcohol-acid resistant bacilli are sufficient for definitive diagnosis of the disease. For charac‐
terization of the species, the PCR technique has been used since the isolation of the myco‐
bacterium strains is considered as laborious procedure [31, 32].

The possible sources of infection can be determined by characterization of the agent. Thus,
the complete and definitive diagnosis is very important to the control. Moreover, the issues
concerning the farm hygiene are factors to be considered because the exposure to feces are
the main factor for infection and dissemination of the disease [33].

3.1.3. Brucella suis

The etiologic agent of brucellosis in pigs is the Brucella suis. The disease is characterized by
high morbidity and reproductive disorders such as abortion, endometritis and placentitis in
females and orchitis, changes of accessory glands, libido loss and infertility in male [34].
Abortion has been observed at 17 days after female cover with males which are positive for
B. suis in semen. Infertility in animals is mainly due to the involvement of testicular struc‐
tures and lack of libido in the infected animals. The cases of contamination of the accessory
glands are even more critical, since the animals remain fertile and can disseminate high
loads of B. suis in semen during prolonged periods.

It is an extremely important disease for countries of the South America, Asia and Africa,
where it is totally widespread. In the countries of North America and European Union, the
prevalence is low or the disease has been eradicated [19]. The main route for elimination of
brucellosis in farms is the genital arising from a positive male which eliminates the microor‐
ganism in the semen. Bacteria reach the reproductive organs after invasion of the lymph no‐
des followed by bacteremia [35]. In male, the infection may persist throughout life. Thus, it
is necessary to eliminate the positive animals to prevent the dissemination of the disease.

In the case of positive farms, the control procedures should be performed. Among them, the
sanitary break after the elimination of the positive animals and the monitoring of the repro‐
ducers’ serological profile has proved to be effective for elimination of the agent of the herd.
Although, nowadays, the sanitary conditions in commercial farms and the agility of the de‐
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finitive diagnosis have evolved considerably, some pathogens have generated insignificant
infection levels, such as the case of B. suis.

The definitive diagnosis is accomplished through isolation of the agent. Although very spe‐
cific, it is complex and expensive, as requiring efficient and alternative methods. Serology
can be used but must be associated with confirmatory tests such as rivanol, 2-mercaptoetha‐
nol and complement fixation. Another possibility is the molecular diagnosis by PCR [36].

3.1.4. Chlamydia sp.

Chlamydiosis  is  a  disease  with  worldwide  distribution  that  affects  several  species  of
mammals  and  especially  birds.  The  main  species  causing  disease  is  Chlamydia  psittaci
[37]  and  it  is  associated  with  pneumonia,  conjunctivitis,  enteritis,  arthritis,  pericarditis,
orchitis  and uterine  infections,  as  being  the  last  two related  to  cases  of  perinatal  abor‐
tion and stillbirths [38].

The microorganism can enter through digestive, respiratory or venereal via and multiply in
the epithelial cells that are carried by macrophages and disseminate by the chain of regional
lymph nodes and remaining unapparent, but sometimes causes diseases in organs nearby
routes for entrance of the agent. In genital infections, the semen may be contaminated and it
is responsible for birth of the weak (which eliminate the bacteria during long period, there‐
fore they are an important vehicle for horizontal transmission of infection [39].

For diagnostic purposes, several serological tests can be performed and the agent detection
can be performed through the isolation and PCR. However, fecal sample has little diagnostic
value because studies have demonstrated the presence of Chlamydia in healthy pigs [40].

Although the main dissemination sources to be the asymptomatic animals, the infected ani‐
mals showing clinical signs of disease should be isolated and treated [41]. It is important to
avoid the contact of pigs with birds and other species that are susceptible to Chlamydiosis.

3.2. Viral contaminants of semen

Recently, a high number of viral agents have been detected in the semen of pigs. Those
agents are mainly associated with reduction of the animal’s reproductive performance and
fertility problems [6]. Usually, the infections by virus is source of major concern to the swine
producer than bacterial infections. This fact is due to characteristics of the viral agents,
which can be eliminated at high loads before the first signs of the illness or when the signs
are mild or unapparent, as causing a significant epidemiological problem. However, it is be‐
lieved the high virus load to be only removed via semen during viremia. During this period,
the breeding male presents clinical signs, therefore it is generally removed. In any way, the
control procedures are hindered because the animals can continue to eliminate the virus af‐
ter disappearance of the signs. In addition, the efficacy of the available commercial antiviral
products are not commercially proved and may exhibit a high toxicity level to the semen.

Some major viral agents, which may be present in the genital tract and eliminated through
semen, are summarized in the sequence.
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3.2.1. Porcine reproductive and respiratory syndrome virus (PRRSV)

The PRRS is a disease characterized by reproductive failures and respiratory diseases
caused by PRRS virus. After infection, the virus elimination period can last up to three
months [12] which enables the virus to disseminate regionally, nationally and international‐
ly through transit of the infected animals.

During this period, the discharge can occur by several routes, as the semen being among the
principal ones, what results into infection of the female and reproduction failures. In the
body, the virus multiplies in macrophages and establishes the first viremia and can reach
various organs and systems, as including the reproductive tract. In female, it crosses the pla‐
cental barrier and results into miscarriages and birth of weak piglets, which will be dissemi‐
nators of the virus in herd [42]. The virus can be eliminated in the semen even in absence of
the viremia and in presence of the neutralizing antibodies [43].

The changes in the semen contaminated with PRRSV present individual characteristics, with
substantial quality loss through reduced motility, increased percentage of abnormal acro‐
somes and increase of the spermatozoids with altered morphology [44] as those spermatic
pathologies being an indication for infection with PRRSV.

Complementing the clinical signs and spermatic changes, the serological techniques are ef‐
fective for definitive diagnosis. However, those techniques indicate exposure to the agent
without the guarantee of the presence of infection and the vaccinated animals have higher
levels of antibodies, what may lead to false-positive results [45]. The viral isolation, RT-PCR
and immunohistochemistry techniques are employed for the diagnosis of PRRS in which the
virus is detected [46-48].

To control the disease, the commercial vaccines are effective in reducing the viral load from
the infected animals [49]. In countries where there are no reports of the disease, the monitor‐
ing programs of the entry of animals and semen should be well established and rigid.

3.2.2. Aujeszky diseases virus (ADV)

The ADV is the target of numerous control and eradication programs, and many of those
programs have already achieved success and the aujeszky-free status. The ADV is the causa‐
tive agent of the Aujeszky disease (AD), that is characterized by clinical respiratory signs
and nervous and serious reproductive disorders [50].

The ADV had been isolated from prepuce and detected in the semen of the reproducers [51].
In 1984, [52] carried out a study with experimental infections. They observed that testicular
degeneration and decreased semen quality due to fever of the infected animals are frequent
in ADV-positive animals.

The DA suspicion is raised by symptoms, but laboratory tests are necessary for the defini‐
tive diagnosis, since the virus can be detected in tissues or secretions of the animals through
virological diagnosis. Serologic tests can be used, and ELISA is the most indicated because it
can differentiate the antibodies proceeding from the immune response of the vaccines with
antigenic markers from those ones infected with the field virus [53].
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Eradication through vaccination, removal of the infected animals and depopulation of the
positive farms have achieved success in several countries [54]. However, care must be taken
with the wild pigs which are PRV reservoirs [55].

3.2.3. Classical swine fever virus (CSFV)

The virus of the classical swine fever belongs to Pestvirus genus. It is highly contagious and
causes the classical swine fever (CSF), with mortality rates ranging from 80 to 90% and leads
to a framework of generalized bleedings. The contact with wild animals and infected food
and the transit of animals are the main forms for CSFV dissemination. Therefore, the mar‐
keting of semen for AI is considered an additional hazard [56].

In an experimental study, van Rijn et al [57] (2004) observed the presence of CSFV in pigs’
semen at 3 days after infection. The elimination continued intermittently until the end of the
experiment (18 days), as proving that artificial insemination can be a risk factor for transmis‐
sion of the disease.

Due to importance of the disease, the clinical suspicion should be investigated by laboratory
techniques. While virus isolation is the gold standard, other tests such as ELISA and RT-
PCR can be used for definitive diagnosis [58, 59]. The tonsils, spleen, pharyngeal and mesen‐
teric ganglions are the favorite organs for sending to laboratories.

In the case of diagnostic confirmation, several procedures should be taken in order to pre‐
vent the virus from spreading through the region. The sacrifice of the positive animals, the
prohibition that animals and semen to transit in the region as well as the installation of sani‐
tary barriers are actions for controlling the outbreak. Another control procedure is vaccina‐
tion, however only attenuated alive vaccines are available, as hampering the differentiation
between vaccinated and infected animals [60].

3.2.4. African Swine Fever Virus (ASFV)

The African swine fever virus is the causative agent of the african swine fever (ASF), that is
a highly contagious and lethal disease characterized by a clinical picture similar to that of
the classical swine fever [61, 62]. The epidemiological characteristics of the disease include
the potential for rapid dissemination through direct and indirect contact as well as a natural
transmission via arthropods and wild Suidae.

The virus of the African swine fever was isolated from the semen of infected pigs [6, 57]. The
virus elimination through bodily secretions can last up to 70 days in persistently infected an‐
imals [63], which are the main villain in dissemination of the virus in herd.

Besides the epidemiological importance, the persistently infected animals are the major ob‐
stacle to diagnosis because they present less severe clinical signs, as requiring confidential
laboratory tests in order to establish a reliable definitive diagnosis of ASF as well as to pro‐
vide relevant information about the time of infection in order to successfully support the
control and eradication programs [64]. The viral isolation is an important tool for diagnosis,
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however it is a laborious and very slow procedure. The PCR technique has good sensitivity
and specificity and is a faster alternative for detection of the virus [61].

Because of  the unavailability of  the vaccine against  ASFV, the control  strategies involve
circulation  restrictions,  biosecurity  and  stamping  out  [65].  In  Spain,  the  successful  ASF
eradication has been associated with the screening and removal of the persistently infect‐
ed pigs [66].

3.2.5. Porcine circovirus 2

The porcine circovirus 2 (PCV2) is the causative agent of the porcine circovirosis and may
present six different clinical syndromes, that are the multisystemic weakening syndrome
(PMWS), dermatitis and nephropathy syndrome, the reproductive, respiratory, digestive
and nervous failures [67, 68]. However, PMWS and the reproductive failures are only ones
caused by PCV2 without the presence of cofactors [69].

In the aborted, stillbirths and/or mummified fetuses, the inflammatory changes can be ob‐
served in the myocardium associated with depletion of lymphoid tissues [69]. In those situa‐
tions, the probable infection source of the females is the contamination of the positive male’
semen. Opriessnig et al. [70] (2006) demonstrated through IHC the presence of the virus in
cells of the testis, epididymis and accessory glands.

Besides IHC, the PCV2 can be detected by hybridization in situ (HIS) and PCR [71]. The
virus isolation can also be used. However, the virus produces no cytopathic effect in the
cells, therefore it is necessary to detect the viral antigen by immunofluorescence or immu‐
nochemistry.

Recently, Blomqvist et al. [72] evaluated the reduction of the viral load in semen after single
layer centrifugation followed by a swim-up. They observed a reduction higher than 99% in
the semen samples. Furthermore, the commercial vaccines have been very effective for con‐
trolling the disease in infected herd.

3.2.6. Porcine parvovirus

The porcine parvovirus (PPV) has worldwide distribution and is responsible for reproduc‐
tive failures that are characterized by embryonic death, fetal mummification and stillbirth
[73]. PPV can be a non encapsulated virus. It is resistant to adverse environmental condi‐
tions, which facilitates its dissemination. In addition, there may be venereal transmission of
the virus from the infected semen. Besides the semen, the virus can be detected in testis, in
the scrotal lymph nodes and in epididymis [6].

The techniques for virus detection are diverse and the direct immunofluorescence and PCR
are the most commonly used methods. Serology can also confirm the presence of the anti-
PPV antibodies. Although the virus isolation may be necessary to detect the viral sample,
the fetal tissues are toxic to cellular cultures, therefore limiting the use of this technique in
some situations [74].
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Eradication through vaccination, removal of the infected animals and depopulation of the
positive farms have achieved success in several countries [54]. However, care must be taken
with the wild pigs which are PRV reservoirs [55].

3.2.3. Classical swine fever virus (CSFV)

The virus of the classical swine fever belongs to Pestvirus genus. It is highly contagious and
causes the classical swine fever (CSF), with mortality rates ranging from 80 to 90% and leads
to a framework of generalized bleedings. The contact with wild animals and infected food
and the transit of animals are the main forms for CSFV dissemination. Therefore, the mar‐
keting of semen for AI is considered an additional hazard [56].

In an experimental study, van Rijn et al [57] (2004) observed the presence of CSFV in pigs’
semen at 3 days after infection. The elimination continued intermittently until the end of the
experiment (18 days), as proving that artificial insemination can be a risk factor for transmis‐
sion of the disease.

Due to importance of the disease, the clinical suspicion should be investigated by laboratory
techniques. While virus isolation is the gold standard, other tests such as ELISA and RT-
PCR can be used for definitive diagnosis [58, 59]. The tonsils, spleen, pharyngeal and mesen‐
teric ganglions are the favorite organs for sending to laboratories.

In the case of diagnostic confirmation, several procedures should be taken in order to pre‐
vent the virus from spreading through the region. The sacrifice of the positive animals, the
prohibition that animals and semen to transit in the region as well as the installation of sani‐
tary barriers are actions for controlling the outbreak. Another control procedure is vaccina‐
tion, however only attenuated alive vaccines are available, as hampering the differentiation
between vaccinated and infected animals [60].

3.2.4. African Swine Fever Virus (ASFV)

The African swine fever virus is the causative agent of the african swine fever (ASF), that is
a highly contagious and lethal disease characterized by a clinical picture similar to that of
the classical swine fever [61, 62]. The epidemiological characteristics of the disease include
the potential for rapid dissemination through direct and indirect contact as well as a natural
transmission via arthropods and wild Suidae.

The virus of the African swine fever was isolated from the semen of infected pigs [6, 57]. The
virus elimination through bodily secretions can last up to 70 days in persistently infected an‐
imals [63], which are the main villain in dissemination of the virus in herd.

Besides the epidemiological importance, the persistently infected animals are the major ob‐
stacle to diagnosis because they present less severe clinical signs, as requiring confidential
laboratory tests in order to establish a reliable definitive diagnosis of ASF as well as to pro‐
vide relevant information about the time of infection in order to successfully support the
control and eradication programs [64]. The viral isolation is an important tool for diagnosis,
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however it is a laborious and very slow procedure. The PCR technique has good sensitivity
and specificity and is a faster alternative for detection of the virus [61].

Because of  the unavailability of  the vaccine against  ASFV, the control  strategies involve
circulation  restrictions,  biosecurity  and  stamping  out  [65].  In  Spain,  the  successful  ASF
eradication has been associated with the screening and removal of the persistently infect‐
ed pigs [66].

3.2.5. Porcine circovirus 2

The porcine circovirus 2 (PCV2) is the causative agent of the porcine circovirosis and may
present six different clinical syndromes, that are the multisystemic weakening syndrome
(PMWS), dermatitis and nephropathy syndrome, the reproductive, respiratory, digestive
and nervous failures [67, 68]. However, PMWS and the reproductive failures are only ones
caused by PCV2 without the presence of cofactors [69].

In the aborted, stillbirths and/or mummified fetuses, the inflammatory changes can be ob‐
served in the myocardium associated with depletion of lymphoid tissues [69]. In those situa‐
tions, the probable infection source of the females is the contamination of the positive male’
semen. Opriessnig et al. [70] (2006) demonstrated through IHC the presence of the virus in
cells of the testis, epididymis and accessory glands.

Besides IHC, the PCV2 can be detected by hybridization in situ (HIS) and PCR [71]. The
virus isolation can also be used. However, the virus produces no cytopathic effect in the
cells, therefore it is necessary to detect the viral antigen by immunofluorescence or immu‐
nochemistry.

Recently, Blomqvist et al. [72] evaluated the reduction of the viral load in semen after single
layer centrifugation followed by a swim-up. They observed a reduction higher than 99% in
the semen samples. Furthermore, the commercial vaccines have been very effective for con‐
trolling the disease in infected herd.

3.2.6. Porcine parvovirus

The porcine parvovirus (PPV) has worldwide distribution and is responsible for reproduc‐
tive failures that are characterized by embryonic death, fetal mummification and stillbirth
[73]. PPV can be a non encapsulated virus. It is resistant to adverse environmental condi‐
tions, which facilitates its dissemination. In addition, there may be venereal transmission of
the virus from the infected semen. Besides the semen, the virus can be detected in testis, in
the scrotal lymph nodes and in epididymis [6].

The techniques for virus detection are diverse and the direct immunofluorescence and PCR
are the most commonly used methods. Serology can also confirm the presence of the anti-
PPV antibodies. Although the virus isolation may be necessary to detect the viral sample,
the fetal tissues are toxic to cellular cultures, therefore limiting the use of this technique in
some situations [74].
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The PPV-induced reproductive failures can be prevented by making sure that the develop‐
ment of the females’ immune response occurred before conception. The immune response
can result from natural exposure or from vaccination which is a common practice and per‐
formed at least annually [74].

4. The interference of diseases in AI efficiency

In swine, the efficiency of the AI programs is related to higher pregnancy rates, reduced es‐
trus repetition rates and high number of the piglets born per litter. However, to obtain re‐
productive efficiency, several parameters must be optimized such as the animal nutrition,
thermal comfort, skilled labor, genetics and mainly the sanitary aspect. This last factor is
fundamental for the herd of the animals involved in reproduction to be totally free from dis‐
ease and properly immunized against the most common diseases that can lead to reproduc‐
tive disorders.

Therefore, the assurance of the animals’ health is extremely important to ensure the absence
of contamination of the animals’ semen. From the scientific evidence that the presence of a
virus or bacteria in the male’ semen may reduce the fertility rates in the male and the female
to be inseminated, the animal contamination by infectious diseases should be avoided.

The direct impact that occurs in males is mainly related to reduction in the sperm quality
and numbers of doses produced. The reason for the impairment of the semen quality is not
totally elucidated. Therefore, the losses to the farmer is considerable because it is often nec‐
essary to discard the boar because irreversible degenerative changes at testicular and epidi‐
dymal levels by diseases that lead to fever for prolonged periods.

Solis et al. [75] reported that the experimental infection of the animals with porcine rubula‐
virus (PoRV), which causes the blue eye disease (BED) was able to cause orchitis in animals,
as also affecting the portion of the epididymis. The virus was detected in the semen, either
in the sperm and jell fraction. Those researchers observed the ability of this virus to cause
severe alterations in sperm concentration, motility and morphology of the infected animals’.
Those changes were aggravated according to the time of the sperm storage. Taking into ac‐
count that the virus does not affect the adjacent glands, the seminal volume remained un‐
changed. The changes in other parameters occurred due to inflammatory event of the virus
on the spermatic ducts, as leading to loss of the spermatic cells. Most viruses behave like
aforementioned, however there are still many doubts about the extent of the virus interac‐
tion with the spermatozoids. Thus, future molecular studies are needed to elucidate the
mechanism of those diseases.

In females, reports suggest that PRRSV was previously isolated from ovaries of infected ani‐
mals, particularly locating in either granulose cells layer and theca cells layer in atretic folli‐
cles of those animals. However, there are no reports of this virus in sows’ oocytes [76, 77]
neither the viral effect on their development ability. In infections associated with PCV 2, the
oocytes collected from serum-positive animals for infection did not show to be positive for
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the presence of the virus. Thus, the contamination via oocytes in naturally infected animals
is not a natural route [78]. Yet this author and collaborators found that the virus can adhere
firmly to either oocyte-cumulus complex and pellucid zone of embryos at the initial devel‐
opment stage despite not affecting the embryonic development.

At embryonic level, it has been demonstrated that the replication of some viruses can occur
in the embryonic cells. In this context, the Pellucid Zone (ZP) of the embryos acts as a barrier
protecting the embryo against viral agents. Therefore, after disruption of the pellucid zone
at stage of the hatched blastocysts, some viruses such as the classical swine fever virus and
PCV-2 can replicate in embryonic cells as carrying a deleterious effect, especially in embryos
produced in vitro [79, 80]. The greatest weakness of the embryos produced in vitro may be
due either to a thinner pellucid zone of those embryos [81] and greater exposure to laborato‐
rial conditions and culture media that can act as contamination sources. It is known that ZP
of pig embryos is much stickier than that of cattle, although the reason for this fact to be not
known [82]. It is believed that lower-sized virus (20 -26 nm), such as porcine circovirus 2 and
porcine parvovirus could even surpass the ZP of embryos produced in vivo by promoting
contamination of the embryonic cells [13, 80]. However, this issue is still controversial and
further studies are still needed.

Thus, it is expected the contamination of the embryonic cells of the ZP-unprovided embryos
will depend mainly on nature of the virus, of the embryonic development stage and the
presence of viral receptors expressed in target cells [82]. Furthermore, the ZP- unprovided
embryos that are produced in vitro are much more sensitive to viral contamination and, in‐
dependent of the nature, they represent a real source for contamination of the animals main‐
ly by diseases caused by virus. Finally, the disinfection of the swine embryos by using
washing and treatment with enzymatic combination rather represents a reasonable alterna‐
tive for programs of the in vitro embryonic production [78].

5. Possible control procedure to be performed

Because the differences in the prevalence rates of the diseases among countries and even re‐
gions, the control strategies will differ according to incidence of each disease. Therefore, the
policies for eradication, vaccination and isolation of the animals in farms are very dependa‐
ble on the types of disease the animals would be more exposed.

The preventive procedures against transmission of infectious diseases via semen depend
on  the  control  routine.  The  AI  must  be  understood  as  a  contaminative  potential  for
swine females,  since it  is  a vehicle for disease transmission. Thus, the insemination cen‐
ters should be regularly controlled and monitored according to specific criteria.  Howev‐
er,  even  before  considering  the  potential  for  contamination  through  semen,  it  is
necessary to pay attention to the possibility for disease introduction through acquisition
of  a  living animal.  Thus,  some practices  such as  the  introduction of  animals  which are
serologically  negative  or  animals  proceeding  from seronegative  herds  and to  avoid  the
contact  of  the animals pertaining to insemination center with external  people are essen‐
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The PPV-induced reproductive failures can be prevented by making sure that the develop‐
ment of the females’ immune response occurred before conception. The immune response
can result from natural exposure or from vaccination which is a common practice and per‐
formed at least annually [74].

4. The interference of diseases in AI efficiency

In swine, the efficiency of the AI programs is related to higher pregnancy rates, reduced es‐
trus repetition rates and high number of the piglets born per litter. However, to obtain re‐
productive efficiency, several parameters must be optimized such as the animal nutrition,
thermal comfort, skilled labor, genetics and mainly the sanitary aspect. This last factor is
fundamental for the herd of the animals involved in reproduction to be totally free from dis‐
ease and properly immunized against the most common diseases that can lead to reproduc‐
tive disorders.

Therefore, the assurance of the animals’ health is extremely important to ensure the absence
of contamination of the animals’ semen. From the scientific evidence that the presence of a
virus or bacteria in the male’ semen may reduce the fertility rates in the male and the female
to be inseminated, the animal contamination by infectious diseases should be avoided.

The direct impact that occurs in males is mainly related to reduction in the sperm quality
and numbers of doses produced. The reason for the impairment of the semen quality is not
totally elucidated. Therefore, the losses to the farmer is considerable because it is often nec‐
essary to discard the boar because irreversible degenerative changes at testicular and epidi‐
dymal levels by diseases that lead to fever for prolonged periods.

Solis et al. [75] reported that the experimental infection of the animals with porcine rubula‐
virus (PoRV), which causes the blue eye disease (BED) was able to cause orchitis in animals,
as also affecting the portion of the epididymis. The virus was detected in the semen, either
in the sperm and jell fraction. Those researchers observed the ability of this virus to cause
severe alterations in sperm concentration, motility and morphology of the infected animals’.
Those changes were aggravated according to the time of the sperm storage. Taking into ac‐
count that the virus does not affect the adjacent glands, the seminal volume remained un‐
changed. The changes in other parameters occurred due to inflammatory event of the virus
on the spermatic ducts, as leading to loss of the spermatic cells. Most viruses behave like
aforementioned, however there are still many doubts about the extent of the virus interac‐
tion with the spermatozoids. Thus, future molecular studies are needed to elucidate the
mechanism of those diseases.

In females, reports suggest that PRRSV was previously isolated from ovaries of infected ani‐
mals, particularly locating in either granulose cells layer and theca cells layer in atretic folli‐
cles of those animals. However, there are no reports of this virus in sows’ oocytes [76, 77]
neither the viral effect on their development ability. In infections associated with PCV 2, the
oocytes collected from serum-positive animals for infection did not show to be positive for
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the presence of the virus. Thus, the contamination via oocytes in naturally infected animals
is not a natural route [78]. Yet this author and collaborators found that the virus can adhere
firmly to either oocyte-cumulus complex and pellucid zone of embryos at the initial devel‐
opment stage despite not affecting the embryonic development.

At embryonic level, it has been demonstrated that the replication of some viruses can occur
in the embryonic cells. In this context, the Pellucid Zone (ZP) of the embryos acts as a barrier
protecting the embryo against viral agents. Therefore, after disruption of the pellucid zone
at stage of the hatched blastocysts, some viruses such as the classical swine fever virus and
PCV-2 can replicate in embryonic cells as carrying a deleterious effect, especially in embryos
produced in vitro [79, 80]. The greatest weakness of the embryos produced in vitro may be
due either to a thinner pellucid zone of those embryos [81] and greater exposure to laborato‐
rial conditions and culture media that can act as contamination sources. It is known that ZP
of pig embryos is much stickier than that of cattle, although the reason for this fact to be not
known [82]. It is believed that lower-sized virus (20 -26 nm), such as porcine circovirus 2 and
porcine parvovirus could even surpass the ZP of embryos produced in vivo by promoting
contamination of the embryonic cells [13, 80]. However, this issue is still controversial and
further studies are still needed.

Thus, it is expected the contamination of the embryonic cells of the ZP-unprovided embryos
will depend mainly on nature of the virus, of the embryonic development stage and the
presence of viral receptors expressed in target cells [82]. Furthermore, the ZP- unprovided
embryos that are produced in vitro are much more sensitive to viral contamination and, in‐
dependent of the nature, they represent a real source for contamination of the animals main‐
ly by diseases caused by virus. Finally, the disinfection of the swine embryos by using
washing and treatment with enzymatic combination rather represents a reasonable alterna‐
tive for programs of the in vitro embryonic production [78].

5. Possible control procedure to be performed

Because the differences in the prevalence rates of the diseases among countries and even re‐
gions, the control strategies will differ according to incidence of each disease. Therefore, the
policies for eradication, vaccination and isolation of the animals in farms are very dependa‐
ble on the types of disease the animals would be more exposed.

The preventive procedures against transmission of infectious diseases via semen depend
on  the  control  routine.  The  AI  must  be  understood  as  a  contaminative  potential  for
swine females,  since it  is  a vehicle for disease transmission. Thus, the insemination cen‐
ters should be regularly controlled and monitored according to specific criteria.  Howev‐
er,  even  before  considering  the  potential  for  contamination  through  semen,  it  is
necessary to pay attention to the possibility for disease introduction through acquisition
of  a  living animal.  Thus,  some practices  such as  the  introduction of  animals  which are
serologically  negative  or  animals  proceeding  from seronegative  herds  and to  avoid  the
contact  of  the animals pertaining to insemination center with external  people are essen‐
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tial to prevent the introduction of diseases. After acquisition and routinely on farms, the
male considered as potential  disease disseminator only will  be introduced in the semen
collect  program after  a  quarantine period,  during which he remains isolated and under
observation in order to verify if  there is any abnormality sign. After introduction of the
male in the breeding herds, it  should be daily observed for signs indicating clinical dis‐
ease. In the case of any abnormality in those animals, semen collections should be imme‐
diately  interrupted.  This  method  is  highly  effective  for  controlling  the  diseases  that
present evident clinical signs.

Diseases that have high dissemination potential and can be transmitted via aerosols, such
as PRRS and AD, as might cause high losses in the farms should be monitored through
periodic serological tests. Another important factor to be considered is the hygiene in the
farm. The cleaning and disinfection of the installations before the entry of the animals, be‐
sides respecting the sanitary break period, are essential to prevent the dissemination of the
pathogens.

The  effective  use  of  the  antimicrobials  to  control  contamination  in  diluents  can  act  ef‐
fectively,  as  minimizing  the  action  of  the  bacterial  and  fungal  agents  [82].  Currently,
there  are  many  antimicrobial  agents  commonly  used  in  seminal  diluents  such  as  ami‐
nocyclitols,  aminoglycosides,  beta-lactams,  lincosamides and macrolides.  However,  these
agents  do  not  prove  to  be  totally  effective  against  some  of  the  disease  causing  agents
[18].  In  routine  of  the  farm,  the  antibiotics  are  added  to  seminal  portions,  as  expect‐
ing  high  level  of  accidental  contamination  in  the  attempt  to  reduce  the  proliferation
of  bacteria.

Although the availability of the studies including the use of the antiviral drugs to inhib‐
it  the  replication  of  the  virus  in  the  male’s  reproductive  tract  [83],  the  control  of  viral
pathogens  still  needs  to  be  better  understood and will  follow the  pathway similarly  to
the one accomplished for bacteria [5]. Unlike the semen treatment with antibiotics, which
can reduce or prevent the dissemination of venereal diseases caused by bacteria, the anti‐
viral agents used to prevent contamination of the semen are not adopted in the swine IA
industry.  Therefore,  many countries  have adopted other  successful  strategies  in  mainte‐
nance of the specific viral pathogen-free centers. In those centers, the main control strat‐
egies  are  based  on  animal  monitoring  program  for  specific  viruses.  The  animals  are
serologically evaluated and the serologically positive animals are readily eliminated from
breeding herds [6].

As previously mentioned, recently Blomqvist et al. [72] observed a reduction higher than
99% at PCV2 concentration in semen samples. This new technique has shown to be effective
against several other viral agents, which are present in samples of the human semen and
other domestic species’ [84-87]. Thus, this method represents a promising alternative for the
control of viral contamination in the pigs’ semen.

Another possibility for controlling the dissemination of diseases would be the programs for
vaccination against the main agents that can be carried by semen and lead to diseases in
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sow. However, there is no vaccine against some of those agents such as the ASF case, there‐
fore making necessary the individual control methods as previously detailed.

6. Conclusion

The  increasing  tendency  of  the  international  trade  in  pigs’  embryos  and  gametes  has
been  stimulating  an  intensive  investigation  of  the  disease  transmission  via  semen  and
porcine  embryos.  There  are  numerous  diseases,  both  bacterial  and  viral  causes,  which
are linked to transmission via boars’ semen. In particular, each agent provides a type of
interaction  with  gametes  and  has  a  specific  site  of  action,  which  hinders  the  establish‐
ment  of  specific  control  procedures.  Thus,  despite  the  promising researches,  many con‐
clusive  studies  are  required  to  ensure  the  innocuousness  of  the  gametes  from  the
infected  animals.  In  addition,  the  effective  and  rapid  diagnostic  methods  and  effective
control  procedures  should be  developed and optimized in  order  to  allow the  access  to
swine farmers.
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tial to prevent the introduction of diseases. After acquisition and routinely on farms, the
male considered as potential  disease disseminator only will  be introduced in the semen
collect  program after  a  quarantine period,  during which he remains isolated and under
observation in order to verify if  there is any abnormality sign. After introduction of the
male in the breeding herds, it  should be daily observed for signs indicating clinical dis‐
ease. In the case of any abnormality in those animals, semen collections should be imme‐
diately  interrupted.  This  method  is  highly  effective  for  controlling  the  diseases  that
present evident clinical signs.

Diseases that have high dissemination potential and can be transmitted via aerosols, such
as PRRS and AD, as might cause high losses in the farms should be monitored through
periodic serological tests. Another important factor to be considered is the hygiene in the
farm. The cleaning and disinfection of the installations before the entry of the animals, be‐
sides respecting the sanitary break period, are essential to prevent the dissemination of the
pathogens.

The  effective  use  of  the  antimicrobials  to  control  contamination  in  diluents  can  act  ef‐
fectively,  as  minimizing  the  action  of  the  bacterial  and  fungal  agents  [82].  Currently,
there  are  many  antimicrobial  agents  commonly  used  in  seminal  diluents  such  as  ami‐
nocyclitols,  aminoglycosides,  beta-lactams,  lincosamides and macrolides.  However,  these
agents  do  not  prove  to  be  totally  effective  against  some  of  the  disease  causing  agents
[18].  In  routine  of  the  farm,  the  antibiotics  are  added  to  seminal  portions,  as  expect‐
ing  high  level  of  accidental  contamination  in  the  attempt  to  reduce  the  proliferation
of  bacteria.

Although the availability of the studies including the use of the antiviral drugs to inhib‐
it  the  replication  of  the  virus  in  the  male’s  reproductive  tract  [83],  the  control  of  viral
pathogens  still  needs  to  be  better  understood and will  follow the  pathway similarly  to
the one accomplished for bacteria [5]. Unlike the semen treatment with antibiotics, which
can reduce or prevent the dissemination of venereal diseases caused by bacteria, the anti‐
viral agents used to prevent contamination of the semen are not adopted in the swine IA
industry.  Therefore,  many countries  have adopted other  successful  strategies  in  mainte‐
nance of the specific viral pathogen-free centers. In those centers, the main control strat‐
egies  are  based  on  animal  monitoring  program  for  specific  viruses.  The  animals  are
serologically evaluated and the serologically positive animals are readily eliminated from
breeding herds [6].

As previously mentioned, recently Blomqvist et al. [72] observed a reduction higher than
99% at PCV2 concentration in semen samples. This new technique has shown to be effective
against several other viral agents, which are present in samples of the human semen and
other domestic species’ [84-87]. Thus, this method represents a promising alternative for the
control of viral contamination in the pigs’ semen.

Another possibility for controlling the dissemination of diseases would be the programs for
vaccination against the main agents that can be carried by semen and lead to diseases in
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sow. However, there is no vaccine against some of those agents such as the ASF case, there‐
fore making necessary the individual control methods as previously detailed.

6. Conclusion

The  increasing  tendency  of  the  international  trade  in  pigs’  embryos  and  gametes  has
been  stimulating  an  intensive  investigation  of  the  disease  transmission  via  semen  and
porcine  embryos.  There  are  numerous  diseases,  both  bacterial  and  viral  causes,  which
are linked to transmission via boars’ semen. In particular, each agent provides a type of
interaction  with  gametes  and  has  a  specific  site  of  action,  which  hinders  the  establish‐
ment  of  specific  control  procedures.  Thus,  despite  the  promising researches,  many con‐
clusive  studies  are  required  to  ensure  the  innocuousness  of  the  gametes  from  the
infected  animals.  In  addition,  the  effective  and  rapid  diagnostic  methods  and  effective
control  procedures  should be  developed and optimized in  order  to  allow the  access  to
swine farmers.
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The Role of Trans-Rectal Ultrasonography in Artificial
Insemination Program
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Additional information is available at the end of the chapter
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1. Introduction

The ultrasound technology has been used for various functions particularly as a tool in beef
and dairy research for many years. It has become more available to the commercial livestock
agriculture recently. Application of transrectal real-time ultrasonography in the study of bo‐
vine reproduction represents a technological breakthrough that has revolutionized the
knowledge of reproductive biology [Boyd and Omran, 1991]. New research results derived
from ultrasonic imaging has clarified the complex nature of reproductive processes such as
ovarian follicular dynamics, corpus luteum function, and foetal development in farm ani‐
mals. Extensive adoption and use of ultrasonography for routine reproductive examinations
of dairy cattle is its highest contribution to the dairy industry.

Practical applications of ultrasound in bovine reproduction include imaging of the ovary as
a diagnostic aid, examination and confirmation of ovarian cysts, early pregnancy detection,
identification of twins and foetal sexing [Fortune et al, 1988; Garcia et al, 1999; Noble et al,
2000 Lamb, 2001; Stroud, 2006]. Although rectal palpation is the established method for con‐
ducting reproductive examinations, the information-gathering capabilities of ultrasonic
imaging far exceed those of rectal palpation. Assessment of pregnancy status and foetal via‐
bility early post breeding can significantly improve reproductive efficiency. Such methods
can play a key role in reproductive management to rapidly return open animals to the
breeding program. Early pregnancy detection is only useful when techniques have a high
level of accuracy for detection of both pregnant and non-pregnant animals.

Early ultrasonic identification of twinning or male calves in dairy cows allows for imple‐
mentation of differential management strategies such as termination of the unwanted preg‐
nancy or to mitigate the negative effects of twinning during the periparturient period.
Ultrasound can accurately determine the presence of a viable embryo as early as 21 days af‐
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ter AI. The accuracy of detecting foetal viability may approach 100% [Lamb, 2001]. A techni‐
cian with a trained eye has the capability of accurately assessing the age of the foetus based
on foetal size [Curran, 1986]. At 60 to 85 days of pregnancy the trained user can even deter‐
mine foetal sex by the absence and/or presence of the foetal genitalia with over 95% accura‐
cy. These two features alone provide many options for the use of ultrasound in reproductive
management practices [Palmer and Drinacourt, 1980; Muller and Wittkowski, 1986; Kastelic
et al, 1989; Romano and Masgee, 2001]. Development of integrated reproductive manage‐
ment systems that combines ultrasound with new and existing reproductive technologies
will further enhance the practical applications of ultrasonography. In summary, current and
future applications of ultrasonography hold tremendous potential to enhance reproductive
management and improve reproductive efficiency in bovine.

The incorporation of ultrasound in reproductive research has also led to greater understand‐
ing of ovarian physiology. Ultrasound has been used extensively in the development of con‐
trolled breeding programs involving both oestrus and ovulation synchronization for
effective timed AI. Sequential monitoring of dynamic changes in a follicular population dur‐
ing the oestrous cycle has been made possible by ultrasonography [Driancort et al, 1991;
Garcia et al, 1999; Ginther 1993]. This capability has helped unlock some of the mysteries of
folliculogenesis. During anoestrous, inactive ovaries are readily differentiated from func‐
tional ovaries with ultrasonography.

Further, when choosing bulls, many producers are faced with difficult decisions regarding
the contributions of both maternal and carcass traits. Not only do the attributes of multiple
breeds vary, but variation within breed is also substantial. By combining ultrasound and AI,
a producer can develop a breeding program that optimizes both maternal and carcass traits
[Travene et al, 1985; Kahn, 1992]. Using ultrasound, producers may determine females that
are pregnant with AI-sired heifer calves based on the age and sex of the foetus [Travene et
al, 1985; Kahn, 1992]. In a typical commercial cow-calf production environment controlled
breeding seasons range from 60 to 120 days. By using ultrasound as early as 30 days after
the end of the breeding season in seasonally breeding animals, producers can divide their
herd into cows that became pregnant early or late in the breeding season, and open cows
which can subsequently be managed appropriately in accordance with their reproductive
status to run the production at reasonable cost.

2. Evaluation of the ovaries during AI

Ultrasonic evaluation of the ovaries should be considered a routine part of the reproductive ex‐
amination particularly in cattle. A 5MHz transducer has greater resolution and is more suita‐
ble for evaluation of the ovaries than a 3 or 3.5MHz transducer. Follicles, like other fluid
structures, are non echogenic, and therefore, appear on the ultrasound image as black, circum‐
scribed structures which are spherical to irregular in shape (Fig 1). The irregular shapes are at‐
tributable to compression by adjacent follicles and luteal structures of the ovarian stroma.
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Figure 1. Several medium sized follicles observed in mare. Ultrasonogram taken with 5MHz curvilinear array scanner
(Hitachi 405, Germany). Source: Lemma et al, 2006

Follicles as small as 2 - 3 mm can be seen and the corpus luteum can usually be identified
throughout its functional life [Lemma et al, 2006] Estimating the stage of oestrous cycle, as‐
sessing the status and number of preovulatory follicles, determining ovulation, monitoring
the development and morphology of corpus luteum are among the potential applications of
ultrasonographic examination of the ovaries [Fortune et al, 1988; Garcia et al, 1999; Noble et
al, 2000; Evans et al, 2000; Evans, 2003]. The number and sizes of follicles on a given ovary
will vary widely and are dependent on the time of year and the reproductive stage in differ‐
ent animals [Vandeplassche et al, 1981; Perry, 1991; Godoi et al, 2002]. Many small follicles
are observed during early dieostrus and these follicles will grow larger at mid-cycle. The
dominant or ovulatory follicle will develop at a rate of 1.5 to 2.5mm per day in cattle [Drian‐
court et al, 1988] few days before ovulation which are all easily monitored ultrasonically to
determine the date of ovulation and hence subsequently fix the appropriate time for insemi‐
nation. During oestrous cycles in cattle dominant follicles reach a maximum diameter of ap‐
proximately 10 - 20 mm and the largest subordinate follicles reach maximum diameter of
approximately 8 mm. Cows ovulate at about 12 hours after the end of the oestrus period.
The time for insemination may therefore range between 6 and 24 hours prior to ovulation
[Arthur, 2001; Ball and Peters, 2004]

The appearance of dominant follicles is often accompanied by an outward manifestation of
behavioural oestrus. However, cows with dominant follicle that is about to ovulate do not
always show overt oestrus and this is becoming one of the greatest hindrance to the success
of AI. Whilst good oestrus detection does not necessarily guarantee good reproductive per‐
formance, poor oestrus detection makes poor performance hard to avoid [Arthur, 2001].
Poor oestrus manifestation and failure to detect oestrus further hinders insemination at the
correct time which is an important cause of fertilization failure. Insemination very early in
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the end of the breeding season in seasonally breeding animals, producers can divide their
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amination particularly in cattle. A 5MHz transducer has greater resolution and is more suita‐
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structures, are non echogenic, and therefore, appear on the ultrasound image as black, circum‐
scribed structures which are spherical to irregular in shape (Fig 1). The irregular shapes are at‐
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Figure 1. Several medium sized follicles observed in mare. Ultrasonogram taken with 5MHz curvilinear array scanner
(Hitachi 405, Germany). Source: Lemma et al, 2006

Follicles as small as 2 - 3 mm can be seen and the corpus luteum can usually be identified
throughout its functional life [Lemma et al, 2006] Estimating the stage of oestrous cycle, as‐
sessing the status and number of preovulatory follicles, determining ovulation, monitoring
the development and morphology of corpus luteum are among the potential applications of
ultrasonographic examination of the ovaries [Fortune et al, 1988; Garcia et al, 1999; Noble et
al, 2000; Evans et al, 2000; Evans, 2003]. The number and sizes of follicles on a given ovary
will vary widely and are dependent on the time of year and the reproductive stage in differ‐
ent animals [Vandeplassche et al, 1981; Perry, 1991; Godoi et al, 2002]. Many small follicles
are observed during early dieostrus and these follicles will grow larger at mid-cycle. The
dominant or ovulatory follicle will develop at a rate of 1.5 to 2.5mm per day in cattle [Drian‐
court et al, 1988] few days before ovulation which are all easily monitored ultrasonically to
determine the date of ovulation and hence subsequently fix the appropriate time for insemi‐
nation. During oestrous cycles in cattle dominant follicles reach a maximum diameter of ap‐
proximately 10 - 20 mm and the largest subordinate follicles reach maximum diameter of
approximately 8 mm. Cows ovulate at about 12 hours after the end of the oestrus period.
The time for insemination may therefore range between 6 and 24 hours prior to ovulation
[Arthur, 2001; Ball and Peters, 2004]

The appearance of dominant follicles is often accompanied by an outward manifestation of
behavioural oestrus. However, cows with dominant follicle that is about to ovulate do not
always show overt oestrus and this is becoming one of the greatest hindrance to the success
of AI. Whilst good oestrus detection does not necessarily guarantee good reproductive per‐
formance, poor oestrus detection makes poor performance hard to avoid [Arthur, 2001].
Poor oestrus manifestation and failure to detect oestrus further hinders insemination at the
correct time which is an important cause of fertilization failure. Insemination very early in
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oestrus also causes reduced fertility; possibly due to reduced sperm survival rates before
fertilization [Andrew et al., 2004].

Many developing countries commonly relay on small holder dairy production system
where owners cannot afford to keep a breeding bull and have to depend on AI services. The
use of AI as the main method of breeding to improve performance means that the responsi‐
bility for oestrus detection falls upon the dairy owners who manage the herd [Lemma and
Kebede, 2011]. In a study conducted to compare reproductive performance between farms
using AI and natural service, the NSC, CCI and DALC were significantly higher (p<0.05) for
farms using AI (2.1; 187.0 days and 185.7 days, respectively), compared to farms using natu‐
ral service (1.7; 159.1 days and 154.9 days), respectively [Lemma and Kebede, 2011]. In a dif‐
ferent study [Hansar et al, 2011] conducted to evaluate the efficiency of oestrus detection by
small holder dairy owners in the success of AI and identify the role of ultrasonic evaluation
of ovarian follicles before AI in improving pregnancy rate showed that ultrasonography can
solve many problems of oestrus detection. In the same study, visual oestrus detection by
dairy owners was assessed for validity using ultrasonic evaluation of the ovaries before AI
with the following results (Table 1).

Oestrus signs Overall (n=60) Pregnant After AI

(n=18)

Non-Pregnant After

AI (n=42)

Bellowing [%] 60.0 61.1 59.5

Mounting others [%] 66.7 77.8 64.2

Vaginal discharge [%] 83.3 88.9 83.3

Mounting and vaginal discharge 60.6 87.5 52.0

Diameter of dominant follicle [mm] 12.9±3.4 14.7±3.3 12.1±3.37

Estrus to AI [hrs] 13.3±9.3 10.5±6.9 15.10

Table 1. Dairy cows and heifers that showed different types of oestrus signs prior to AI (n=60)

A significant difference (p<0.05) was observed in the mean diameter of largest follicle between
the pregnant and non pregnant animals. Similarly, the duration from detection of estrus to AI
was also significantly different (P<0.05) between successful and failed pregnancies. While
none of the animals were waited until they exhibited standing estrus, the average duration to
AI for animals that later became pregnant and showed both Vaginal discharge and mounting
was 6.4hrs with 13.8mm average diameter of largest follicle. In contrast to this, those non preg‐
nant animals showing both mounting and Vaginal discharge were brought to AI on average af‐
ter 14.1hrs, and the average diameter of largest follicle was 9.7mm.

The mean (±SD) diameter of the largest follicle for animals showing both signs was 12.7±4.4
mm. Considering these estrus signs to be the best indicators of estrus as perceived by the
dairy owners, 9, 5 and 6 animals were brought within 6 hrs, 7-14hrs and after 14hrs of heat
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manifestation, respectively. The mean size of the follicles for the same time group of animals
was 13.5±3.2mm, 13.0±4.7mm and 11.1±5.8mm, respectively. Only 39.4% were found to be fit
for insemination (showing most oestrus signs, follicular diameter ≥12mm and/or were
brought for AI ≤12hrs of oestrus manifestation) during the ultrasonic evaluation. However,
all animals were inseminated giving a pregnancy rate of only 30.0% compared to 61.5% for
the fit animals alone. It was concluded that the low conception rate, delayed time of insemi‐
nation, and the difference in the size of larger follicle indicate the incompatibility of visual
heat detection and optimal time of insemination. This study clearly shows two important
facts: cows showing oestrus do not necessarily carry mature follicles ready for ovulation,
and ultrasonic evaluation of the ovaries right before AI can significantly improve pregnancy
rate by avoiding insemination of animals that are not fit for service.

Furthermore, ultrasound has also great contribution to reproductive management through es‐
trus synchronization. By early detection of pregnancy post AI in synchronization the pitfalls of
different factors involved in reducing reproductive performance could be identified and ac‐
cordingly mitigated. In a study [Hamid et al, 2012] conducted to evaluate the effects of artifi‐
cial estrus induction and breed, both were known to have significant effect on pregnancy rate
(Table 2). Pregnancy was determined at day 26 post AI using a B-mode real time ultrasound
with a 5MHz linear array transducer (Mindray, Hong Kong). The negative effect of poor nutri‐
tional management appropriate for cross breed animals, and the positive influence of estrus in‐
duction on first service pregnancy rate were identified. This information was useful in the
decision making process on those animals that failed to be pregnant.

Breed Non oestrus

induced cows

Oestrus induced

cows

No of cows at first

AI

Pregnancy rate

[%]

p-value No of cows at first

AI

Pregnancy

rate [%]

p-value

Zebu 75 18 (24%) 62 30 (48.4%)

Cross 10 6 (60%) 0.018 15 7 (46.7%) 0.905

Total 85 24 (28.2%) 77 37 (48.1%) 0.009

Table 2. Comparison of first service pregnancy rate between oestrus induced and non induced cows (effect of heat
induction); and between breeds (zebu and Holstein cross cows)

3. Application of ultrasonography in early PD

Reproductive ultrasonography has increased the knowledge of the changes during early
pregnancy in different animals. With the use of a real-time, B-mode ultrasonography and 5
MHz transducer, pregnancy can be detected as early as 9 to 12 days post AI into gestation
[Pierson and Ginther, 1984; Curran et al., 1986; Boyd et al., 1988]. A thorough understanding
of the ultrasonic anatomy and dynamic changes in the uterus is essential for accurate preg‐
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Table 1. Dairy cows and heifers that showed different types of oestrus signs prior to AI (n=60)

A significant difference (p<0.05) was observed in the mean diameter of largest follicle between
the pregnant and non pregnant animals. Similarly, the duration from detection of estrus to AI
was also significantly different (P<0.05) between successful and failed pregnancies. While
none of the animals were waited until they exhibited standing estrus, the average duration to
AI for animals that later became pregnant and showed both Vaginal discharge and mounting
was 6.4hrs with 13.8mm average diameter of largest follicle. In contrast to this, those non preg‐
nant animals showing both mounting and Vaginal discharge were brought to AI on average af‐
ter 14.1hrs, and the average diameter of largest follicle was 9.7mm.

The mean (±SD) diameter of the largest follicle for animals showing both signs was 12.7±4.4
mm. Considering these estrus signs to be the best indicators of estrus as perceived by the
dairy owners, 9, 5 and 6 animals were brought within 6 hrs, 7-14hrs and after 14hrs of heat
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manifestation, respectively. The mean size of the follicles for the same time group of animals
was 13.5±3.2mm, 13.0±4.7mm and 11.1±5.8mm, respectively. Only 39.4% were found to be fit
for insemination (showing most oestrus signs, follicular diameter ≥12mm and/or were
brought for AI ≤12hrs of oestrus manifestation) during the ultrasonic evaluation. However,
all animals were inseminated giving a pregnancy rate of only 30.0% compared to 61.5% for
the fit animals alone. It was concluded that the low conception rate, delayed time of insemi‐
nation, and the difference in the size of larger follicle indicate the incompatibility of visual
heat detection and optimal time of insemination. This study clearly shows two important
facts: cows showing oestrus do not necessarily carry mature follicles ready for ovulation,
and ultrasonic evaluation of the ovaries right before AI can significantly improve pregnancy
rate by avoiding insemination of animals that are not fit for service.

Furthermore, ultrasound has also great contribution to reproductive management through es‐
trus synchronization. By early detection of pregnancy post AI in synchronization the pitfalls of
different factors involved in reducing reproductive performance could be identified and ac‐
cordingly mitigated. In a study [Hamid et al, 2012] conducted to evaluate the effects of artifi‐
cial estrus induction and breed, both were known to have significant effect on pregnancy rate
(Table 2). Pregnancy was determined at day 26 post AI using a B-mode real time ultrasound
with a 5MHz linear array transducer (Mindray, Hong Kong). The negative effect of poor nutri‐
tional management appropriate for cross breed animals, and the positive influence of estrus in‐
duction on first service pregnancy rate were identified. This information was useful in the
decision making process on those animals that failed to be pregnant.
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induced cows

Oestrus induced

cows

No of cows at first
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[%]

p-value No of cows at first
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Pregnancy
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p-value

Zebu 75 18 (24%) 62 30 (48.4%)

Cross 10 6 (60%) 0.018 15 7 (46.7%) 0.905

Total 85 24 (28.2%) 77 37 (48.1%) 0.009

Table 2. Comparison of first service pregnancy rate between oestrus induced and non induced cows (effect of heat
induction); and between breeds (zebu and Holstein cross cows)

3. Application of ultrasonography in early PD

Reproductive ultrasonography has increased the knowledge of the changes during early
pregnancy in different animals. With the use of a real-time, B-mode ultrasonography and 5
MHz transducer, pregnancy can be detected as early as 9 to 12 days post AI into gestation
[Pierson and Ginther, 1984; Curran et al., 1986; Boyd et al., 1988]. A thorough understanding
of the ultrasonic anatomy and dynamic changes in the uterus is essential for accurate preg‐
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nancy detection. The embryo initially appears as a short line (Day 20-22), later becomes C-
shaped (Day 22-30), and finally, by Day 30-32 of gestation assumes an L- shape (Fig 2).
Although the embryo can first be detected between Days 19 and 24 of gestation [Curran et
al., 1986], it is most practical to scan females which are expected to have embryos that are
>26 days of age. The bovine foetus can be visualized beginning at day 20 post breeding and
continuing throughout gestation, however, because of its size in relation to the image field
of view, the foetus cannot be fully imaged after 90 days using high frequency transducers.

Figure 2. Bovine embryo scanned on Day 26 of pregnancy using B-mode real time ultrasound with 5MHz linear array
transducer

Accuracy of diagnoses improves, however, by Day 18 (85%), Day 20 (100%) and Day 22
(100%) of pregnancy (Kastelic et al., 1989). Presence and vitality of the embryo can be con‐
firmed by the detection of a heartbeat as early as 19 to 24 days of gestation. Early pregnancy
detection has a greater economic significance particularly for the dairy industry. When an
accuracy of over 99% is achieved, it enables to rapidly identify fertility problems. The rate of
detection of early embryonic loss is thus also higher with 10 to 16% of cows diagnosed preg‐
nant at 28 days post AI experience early embryonic loss by 56 days post AI. Cows diagnosed
pregnant at 28 days post AI using ultrasound should, therefore, be scheduled for a subse‐
quent examination around 60 days post AI, when the rate of embryonic loss per day de‐
creases dramatically.

In situations where the exact dates of AI are known, ultrasonography is simply used as a
confirmation of pregnancy or to validate that detection of a viable embryo within the first
two weeks of pregnancy. In contrast, another study showed diagnosis of pregnancy in hei‐
fers on day 10 through day 16 of gestation resulted in a positive diagnosis for pregnant or
non-pregnant cows in less than 50%. On from days 18 - 22 of gestation, accuracy of pregnan‐
cy diagnosis improved from 85% to 100% [Lamb and Fricke, 2005]. Although an embryonic
vesicle is detectable by ultrasound as early as 9 days of gestation, accuracy of detection ap‐
proaches 100% usually after day 25 of gestation. For practical purposes, the efficiency (speed
and accuracy) of a correct diagnosis of pregnancy should be performed in cows expected to
have embryos that are at least 26 days of age.
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Ultrasound is a rapid method for pregnancy diagnosis, and experienced palpators adapt to
ultrasound quickly. This is particularly important to lessen the effect of early scanning on
embryonic survival. The time required to assess pregnancy in beef heifers at the end of a
108-day breeding season averaged 11.3 seconds using palpation per rectum versus 16.1 sec‐
onds required to assess pregnancy and foetal age using ultrasound (Galland et al., 1994).
Two points must be considered when using ultrasound for routine early pregnancy diagno‐
sis in a cow herd. First, when using ultrasound for early pregnancy diagnosis, emphasis
must be given to identifying non-pregnant rather than pregnant cows. Second, a manage‐
ment strategy must be implemented to return the non-pregnant cows to service as quickly
as possible after pregnancy diagnosis. Such strategies include administration of PGF2α to
cows with a responsive CL, use of estrus detection aids, or a combination of both methods.
Such strategies will significantly improve outcomes of AI in large herds.

The main advantages of the use of ultrasound for pregnancy diagnosis are the high accuracy
of the results and the relatively early confirmation of pregnancy. Mistakes can be made, no
matter proficient the operator might be. Therefore, it is suggested that a female not be consid‐
ered non-pregnant until two negative scans have been obtained at a gestation age of at least 16
days. The main disadvantages of the use of ultrasonography are related to the cost and time
involved. Ultrasound machines are relatively expensive. Pregnancy diagnosis with an ultra‐
sound machine takes more time than rectal palpation. Also the training required for proper in‐
terpretation of the images is another disadvantage. Cows diagnosed pregnant at an early
ultrasound exam have a greater risk of early embryonic loss and, therefore, must undergo
subsequent pregnancy examinations to identify and rebreed cows that experience such loss. If
left unidentified, cows experiencing embryonic loss after an early pregnancy diagnosis would
actually reduce reproductive efficiency by extending their calving interval (Fricke, 2002).

4. Early embryonic death (EED)

Prior to the development of ultrasound for pregnancy diagnosis in cattle, veterinarians were
unable to accurately determine the viability or number of embryos or foetuses. Because the
heartbeat of a foetus can be detected at approximately 22 days of age, one can accurately as‐
sess whether or not the pregnancy is viable. Studies in beef [Beal et al., 1992; Lamb et al.,
1997] and dairy cattle [Smith and Stevenson, 1995; Vasconcelos et al., 1997; Szenci et al.,
1998] have used ultrasound to assess the incidence of embryonic loss. The fertilization rate
after AI in beef cows is about 90%, whereas embryonic survival rate is 93% by day 8 and
only 56% by day 12 post AI [Diskin, and Sreenan, 1980]. The incidence of embryonic loss in
beef cattle appears to be significantly less than in dairy cattle. Some reports [Beal et al., 1989;
1992; Lamb and Fricke, 2005] indicate a 6.5% incidence of embryonic loss in beef cows from
day 25 to day 45 of gestation. In dairy cattle, pregnancy loss from 28 to 56 days after artifi‐
cial insemination may reach 13.5%, or 0.5% per day. Ultrasonography hence becomes a use‐
ful tool in the study of early embryonic death (EED), and to monitor the success of a
breeding program, by determining pregnancy rates and embryonic death.
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Ultrasonography also provides a tool to accurately differentiate between the failure of a fe‐
male to conceive and the incidence of embryonic mortality early after AI service [Beal et al.,
1989]. At present, there is no practical way to reduce early embryonic loss in lactating dairy
cows. However, recognizing the occurrence and magnitude of early embryonic loss may ac‐
tually present management opportunities by taking advantage of new reproductive technolo‐
gies that increase AI service rate in a dairy herd. If used routinely, transrectal ultrasonography
has the potential to improve reproductive efficiency within a herd by reducing the period
from AI to pregnancy diagnosis to 26 to 28 days with a high degree of diagnostic accuracy [Be‐
ghelli et al, 1986; Cheffaux et al, 1986; Baxter and Ward, 1997; Meyers, 2002].

5. Conclusion

Currently fresh, chilled and frozen-thawed semen are used extensively for AI in animal
breeding and production throughout the world. Dairy herd size has increased with increas‐
ing pressure to maximize milk yield, whilst at the same time reducing production costs is
necessary. Accurate oestrus detection crucial for timed and successful AI and early detection
of the success or otherwise of insemination can meaningfully reduce the time delay before
repeated insemination if this is necessary. For these reasons it is very important to have a
reliable method to accurately detect the occurrence of oestrus. Errors in efficiency and accu‐
racy of heat detection result in high semen cost and an increase in the interval from calving
to conception, reducing cow production and net returns. The use of ultrasonography prior
to AI for determining the ovarian status can significantly improve the success of AI.

Conversely, reproductive management is currently a major factor affecting profitability in the
dairy industry. Early identification of non-pregnant dairy cows and heifers post AI can im‐
prove reproductive efficiency and pregnancy rate by decreasing the interval between AI serv‐
ices and increasing AI service rate. Thus, imaging technologies such as ultrasound to identify
non-pregnant dairy cows and heifers early after AI may play a key role in management strat‐
egies to improve reproductive efficiency and increase profitability on commercial and small
holder dairy farms. Early detection of non-pregnancy will lead to earlier intervention and de‐
cision that will shorten the calving interval, which has economic effect on the diary farm.
Transrectal ultrasonography has also been used to determine foetus viability and hence can
improve the outcome of AI by allowing knowledge based decision on problem cows.
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Ultrasonography also provides a tool to accurately differentiate between the failure of a fe‐
male to conceive and the incidence of embryonic mortality early after AI service [Beal et al.,
1989]. At present, there is no practical way to reduce early embryonic loss in lactating dairy
cows. However, recognizing the occurrence and magnitude of early embryonic loss may ac‐
tually present management opportunities by taking advantage of new reproductive technolo‐
gies that increase AI service rate in a dairy herd. If used routinely, transrectal ultrasonography
has the potential to improve reproductive efficiency within a herd by reducing the period
from AI to pregnancy diagnosis to 26 to 28 days with a high degree of diagnostic accuracy [Be‐
ghelli et al, 1986; Cheffaux et al, 1986; Baxter and Ward, 1997; Meyers, 2002].

5. Conclusion

Currently fresh, chilled and frozen-thawed semen are used extensively for AI in animal
breeding and production throughout the world. Dairy herd size has increased with increas‐
ing pressure to maximize milk yield, whilst at the same time reducing production costs is
necessary. Accurate oestrus detection crucial for timed and successful AI and early detection
of the success or otherwise of insemination can meaningfully reduce the time delay before
repeated insemination if this is necessary. For these reasons it is very important to have a
reliable method to accurately detect the occurrence of oestrus. Errors in efficiency and accu‐
racy of heat detection result in high semen cost and an increase in the interval from calving
to conception, reducing cow production and net returns. The use of ultrasonography prior
to AI for determining the ovarian status can significantly improve the success of AI.

Conversely, reproductive management is currently a major factor affecting profitability in the
dairy industry. Early identification of non-pregnant dairy cows and heifers post AI can im‐
prove reproductive efficiency and pregnancy rate by decreasing the interval between AI serv‐
ices and increasing AI service rate. Thus, imaging technologies such as ultrasound to identify
non-pregnant dairy cows and heifers early after AI may play a key role in management strat‐
egies to improve reproductive efficiency and increase profitability on commercial and small
holder dairy farms. Early detection of non-pregnancy will lead to earlier intervention and de‐
cision that will shorten the calving interval, which has economic effect on the diary farm.
Transrectal ultrasonography has also been used to determine foetus viability and hence can
improve the outcome of AI by allowing knowledge based decision on problem cows.
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1. Introduction

The ultimate goal of a mammalian sperm is the transmission of paternal genome to the next
generation. To achieve this goal, mammalian spermatozoa are very specialized cells, which
have a precise cellular design in dependence on the evolutionary reproductive strategy
chosen by each species. This specificity is a very important point, since aspects such as the
exact point of ejaculate deposition, oestrous time-lapse, number of males mated with a sin‐
gle female and number and sequence of oocytes released in a single ovulation will be key
factors in the modulation of sperm function in order to yield optimal “in vivo” fertility rates.
A practical consequence of this specificity is that the functional features that distinguish
sperm from one species cannot be extrapoled to other species, hindering thus the assump‐
tion of an overall picture to explain mammalian sperm function. Furthermore, the extraordi‐
nary complexity of the molecular mechanisms implied in the control and modulation of
mammalian mature sperm functions makes impossible to a complete description of these
mechanisms in the limited space of this chapter. In this way, this chapter will be devoted to
a succinct overview of the mechanisms by which mature mammalian sperm manage their
energy levels, with a special emphasis in the observed differences among species and also
during their entire life span of sperm from ejaculation. For this purpose, this chapter is cen‐
tered in the description of specific, very important and punctual aspects of sperm energy
metabolism. The first aspect is the type of energy sources, both external and internal, that
mammalian sperm can utilize to obtain energy. The second aspect is centered in the main
metabolic pathways that mammalian sperm utilize to obtain energy, as well as in the basic
control mechanisms that modulate these pathways. The third point will involve the precise
role that mitochondria play in the control of the overall mammalian sperm function. Finally,
the fourth and last point will be focused in the existence of separate metabolic mammalian
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sperm phenotypes as the result of the precise evolutionary strategy launched by each spe‐
cies to optimize fertility.

2. Mature mammalian spermatozoon: a dynamic cell with changing
energy necessities during its lifetime.

A common characteristic of mature mammalian sperm among species is that these cells are
dynamic structures, which must underlie dramatic functional changes during their entire
life span, from ejaculation to syngamia. These functional changes, in turn, will imply equally
dramatic changes in all aspects of sperm energy management, from external energy sources
to energy-consuming functions such as specific motion patterns or capacitation-linked cellu‐
lar and membrane changes. Thus, a succinct description of the most important changes of
mammalian sperm function from ejaculation is needed to a better understanding of the ob‐
served changes in sperm energy management during their life span.

Ejaculation implies the launching of a rapid succession of events that completely changes
sperm physiology. Thus, ejaculated spermatozoa acquire a fast motion pattern; which is ac‐
companied with several changes in cell membrane composition. The main responsible for
these changes are seminal plasma, which contacts with spermatozoa during ejaculation.
Composition of seminal plasma is complex. Even worse, seminal plasma has a totally differ‐
ent composition when comparing among different species. An example of this is the mono‐
saccharide composition of seminal plasma. We can detect a wide variety of different sugars,
such as glucose, fructose and sorbitol. Moreover, the concentration of these sugars is com‐
pletely different. Thus, whereas fructose is the main sugar in species like human, glucose is
present in significant amount in species like boar [48]. The main monosaccharide present in
horse seminal plasma is, at the contrary, sorbitol [42], whereas species like dog has not any
monosaccharide in significant concentrations [44, 48]. A similar pattern can be found when
analyzing seminal plasma proteins. Thus, whereas dog has practically only one protein,
which is characterized by its arginine esterase activity [10], other species such as boar and
ram has a wide variety of proteins, including a membrane-protective protein family [8, 56].

What could be the main reason for the enormous differences in composition among seminal
plasma from separate species? Investigators can only speculate regarding this point. How‐
ever, it would be reasonable to suppose that the main reason for these differences is the very
specific evolutionary reproductive strategies developed in each species to optimize their fer‐
tilizing abilities. In this way, it is logical to suppose that seminal plasma of one long-lived
species like dog, would have completely separate characteristics to the seminal plasma of
other shorter-lived species, like bull. It is noteworthy that dog spermatozoa have to survive
for relatively long periods inside the bitch genital tract and, moreover, must be prepared to
compete against spermatozoa from other individuals. On the contrary, bull spermatozoa is
adapted to a shorter life-span, since the time lapse between ejaculation and cow ovulation is
very short indeed. In any case, seminal plasma has some common features among species
intended to solve common problems that spermatozoa find after ejaculation. Thus, seminal
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plasma must contain components that activate sperm motility. This is absolutely essential in
species in which ejaculation is carried out either at the vaginal vestibulum or at cervix. In
these placements, the female genital tract presents a very active immunological system,
which is further activated during oestrus [23]. This very active system will eliminate all
spermatozoa that would not be enough fast or enough fortunate to leave the area and, in
this way, sperm motility must be activated immediately after ejaculation. A wide array of
seminal plasma components have been identified as motility activators. From these, proba‐
bly the most known are prostaglandins, which have been found as a common seminal plas‐
ma component in several species like human and bovine [25, 52], although there are other
components that plays a role as motility activators. Regarding prostaglandins, it has been
described that their motility activation role is not mediated by receptors [49]. The activation
of this non-receptor pathway would evolve the activation of specific energy-consuming
pathways, pointing thus the importance of a fine regulation of the sperm energy metabolism
in order to optimize sperm function.

Notwithstanding, seminal plasma must contain other components than those merely acting
as motility activators. In this way, functions such as protection against immunological sys‐
tem of female genital tract and signaling to achieve total “in vivo” capacitation into the ovi‐
duct are also very important roles associated with seminal plasma. As in case of motility
activation, each species will contain separate compounds in their seminal plasma in order to
achieve these roles and, at this moment, this is a poorly understood investigation field. An‐
other possible role for seminal plasma is as energy source for the first steps of spermatozoa
after ejaculation. Thus, plasma seminal sugars could be a feasible energy source. However, it
is difficult to understand why seminal plasma in all species does not contain glucose as their
main energy source, since glucose is the most important energy-producing monosaccharide
for all of mammalian tissues. Instead of this, seminal plasma contains other sugars, specially
fructose, but also sorbitol and other [6, 28, 32, 33, 36, 42, 45], which are not as efficient as
glucose as primary energy sources (see as an example in boar sperm [36]. Again, investiga‐
tors can only speculate on this point. However, recent data from our laboratory seem to in‐
dicate that sugars could play a role of specific sperm function modulator besides their
energy-fuelling role. This point would be developed in a more in depth manner when dis‐
cussing external energy sources of sperm, although the possibility that seminal plasma mon‐
osaccharides play another role than that of energy sources can be seriously considered.

In any case, after ejaculation only a small percentage of ejaculated spermatozoa are able to
leave the ejaculation placement and subsequently they reach oviduct after their uterine
transit. Of course, energy requirements of sperm that are in course to the oviduct through
uterus are totally different to those immediately after ejaculation. Freshly ejaculated sperma‐
tozoa require an energy metabolism in which energy was rapidly generated, in order to sup‐
port the great amount of energy required by spermatozoa to activate for leaving the
ejaculation point. In contrast, spermatozoa that have reached uterus do not require this fast
and great energy consumption. In this way, their energy requirements would be much less
great and imperative. This is especially important in those species, like pig [31], in which
transport through uterus is mainly carried out by uterine peristaltic contractions rather by

Energy Management of Mature Mammalian Spermatozoa
http://dx.doi.org/10.5772/51711

155



sperm phenotypes as the result of the precise evolutionary strategy launched by each spe‐
cies to optimize fertility.
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tilizing abilities. In this way, it is logical to suppose that seminal plasma of one long-lived
species like dog, would have completely separate characteristics to the seminal plasma of
other shorter-lived species, like bull. It is noteworthy that dog spermatozoa have to survive
for relatively long periods inside the bitch genital tract and, moreover, must be prepared to
compete against spermatozoa from other individuals. On the contrary, bull spermatozoa is
adapted to a shorter life-span, since the time lapse between ejaculation and cow ovulation is
very short indeed. In any case, seminal plasma has some common features among species
intended to solve common problems that spermatozoa find after ejaculation. Thus, seminal
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bly the most known are prostaglandins, which have been found as a common seminal plas‐
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components that plays a role as motility activators. Regarding prostaglandins, it has been
described that their motility activation role is not mediated by receptors [49]. The activation
of this non-receptor pathway would evolve the activation of specific energy-consuming
pathways, pointing thus the importance of a fine regulation of the sperm energy metabolism
in order to optimize sperm function.

Notwithstanding, seminal plasma must contain other components than those merely acting
as motility activators. In this way, functions such as protection against immunological sys‐
tem of female genital tract and signaling to achieve total “in vivo” capacitation into the ovi‐
duct are also very important roles associated with seminal plasma. As in case of motility
activation, each species will contain separate compounds in their seminal plasma in order to
achieve these roles and, at this moment, this is a poorly understood investigation field. An‐
other possible role for seminal plasma is as energy source for the first steps of spermatozoa
after ejaculation. Thus, plasma seminal sugars could be a feasible energy source. However, it
is difficult to understand why seminal plasma in all species does not contain glucose as their
main energy source, since glucose is the most important energy-producing monosaccharide
for all of mammalian tissues. Instead of this, seminal plasma contains other sugars, specially
fructose, but also sorbitol and other [6, 28, 32, 33, 36, 42, 45], which are not as efficient as
glucose as primary energy sources (see as an example in boar sperm [36]. Again, investiga‐
tors can only speculate on this point. However, recent data from our laboratory seem to in‐
dicate that sugars could play a role of specific sperm function modulator besides their
energy-fuelling role. This point would be developed in a more in depth manner when dis‐
cussing external energy sources of sperm, although the possibility that seminal plasma mon‐
osaccharides play another role than that of energy sources can be seriously considered.

In any case, after ejaculation only a small percentage of ejaculated spermatozoa are able to
leave the ejaculation placement and subsequently they reach oviduct after their uterine
transit. Of course, energy requirements of sperm that are in course to the oviduct through
uterus are totally different to those immediately after ejaculation. Freshly ejaculated sperma‐
tozoa require an energy metabolism in which energy was rapidly generated, in order to sup‐
port the great amount of energy required by spermatozoa to activate for leaving the
ejaculation point. In contrast, spermatozoa that have reached uterus do not require this fast
and great energy consumption. In this way, their energy requirements would be much less
great and imperative. This is especially important in those species, like pig [31], in which
transport through uterus is mainly carried out by uterine peristaltic contractions rather by
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the sperm motion by itself. This drop in energy requirements will be surely linked to a
change in energy-fuelling pathways, although at this moment the changes suffered by ener‐
gy metabolism during this step are not well known.

However, this is not the last change that mammalian sperm metabolism has to suffer in their
life time. Once sperm reach oviduct, they rest in the oviductal crypts until their re-activa‐
tion, following ovulation. This resting step is of the utmost importance, since at this point
sperm, in tightly contact with oviductal cells, reach full capacitated status [14, 55]. Capacita‐
tion implies a myriad of functional and structural changes, like loss of cell membrane cho‐
lesterol, increase in tyrosine, serine and threonine phosphorylation levels of a wide array of
separate proteins and intracellular calcium mobilization, whose full description is not possi‐
ble in this chapter (see [52, 53] as reviews). Capacitation, however, has a great interest in the
sense that its full achievement again implies new energy requirements to carry out processes
like the increase in tyrosine phosphorylation of specific sperm proteins, such as pro-acrosin
[13, 19]. This new requirements will imply again new changes in energy metabolism, which
will be closely linked to the progressive changes that sperm function must suffer during this
period.

Finally, remnant sperm will be loaded from the oviductal crypts in order to undergo oocyte
penetration. In this period, capacitated sperm adopt a totally specific motility pattern known
as hyperactivated motility, with separate characteristics depending on the studied species [51].
Once reached the oocyte, sperm have to penetrate it, launching a series of energy-consuming
processes like adherence to oocyte zona pellucida and subsequent acrosome exocytosis [29].
Again, energy requirements will change when comparing with other sperm life–span steps. In
this sense, acrosome exocytosis will need a fast and intense energy burst and, in fact, it has
been described that progesterone-induced acrosome exocytosis in boar sperm that were pre‐
viously subjected to “in vitro” capacitation is simultaneous to an intense and transitory in‐
crease in O2 consumption, which would correspond to transitory mitochondria activation [43].

What are the main conclusions that can be yielded? The basic conclusion from all of this in‐
formation would be that the dramatic changes that undergo mammalian spermatozoa from
ejaculation to oocyte penetration must be accompanied by concomitant, dramatic changes in
their energy regulating mechanisms. Little is known regarding how mammalian sperm
modulate these changes, and this is one of the most challenging investigation fields that is
currently open in the study of mammalian sperm function.

3. Energy sources for mammalian spermatozoa

Energy production requires easy availability of energy substrates. In a general sense, any eu‐
karyotic cell can obtain energy from either external or internal sources. External sources can
be very different, from monosaccharides to lipids, whereas internal sources are mainly poly‐
saccharides such as glycogen and lipids, although other internal sources can be aminoacids
and other. Regarding mammalian sperm, separate external and also internal energy sources
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have been described, offering thus a view not radically different to that observed in other
eukaryotic cells. Notwithstanding, there are several characteristics that differentiates mam‐
malian sperm to other eukaryotic cells in this point. Thus, the sequence of rapid location
changes that underwent spermatozoa after ejaculation implies that they are synchronically
placed in very separate locations inside female genital tract. This phenomenon will imply
separate availability of external energy substrates, depending on the exact placement of
spermatozoa. Moreover, the majority of cells integrated in a mammalian body will obtain
their external energy sources directly from blood. This is not the case of spermatozoa, which
are not keeping in direct contact with blood during their entire life. In this way, external en‐
ergy sources might came from secretions of cells from the female genital tract or from semi‐
nal plasma. This implies that sperm must have very efficient mechanisms to uptake external
energy resources, which will not be directly directed towards them. Moreover, and center‐
ing on seminal plasma as energy source, the time lapse that ejaculated sperm are in close
contact with seminal plasma is, in fact, short. In fact, in species in which the ejaculated vol‐
ume is short and rapidly placed inside a female genital tract of large size, like cow, contact
between sperm and seminal plasma is very short, indeed. In any case, after ejaculation, both
sperm and seminal plasma will immediately contact with secretions from the female genital
tract. In this manner, sperm would be able to simultaneously find energy sources from both
seminal plasma and the female genital tract. Only in species in which the volume of the ejac‐
ulate was very voluminous, like porcine, sperm will contact seminal plasma during a signifi‐
cant time lapse. Taking into account all of this information, it seems obvious that the
adequate sperm external energy sources intake will depend of two main factors. The first
factor will be the efficiency of external energy sources uptake mechanisms that sperm have
developed. The second factor will be the specific mixture of external energy sources that
sperm find in their journey inside the female genital tract. This mixture will came from both
seminal plasma and female genital tract secretions, with predominance from one or the oth‐
er source depending on the species and the exact location inside the genital tract.

All of this digression has been only centered in the origin of sperm external energy sources.
However, what are exactly these energy sources? There is a general consensus in pointing at
monosaccharides as the main energy sources for mammalian sperm [46]. Notwithstanding,
sperm can utilize other substances than monosaccharides. Thus, boar sperm is able to utilize
a wide range of substances, such as glycerol, lactate, pyruvate and citrate [26, 27, 37]. Other
species are able to utilize also non-monosaccharide substrates as energy sources, although
more information is needed to clarify this point (see as examples [22, 50]). The utilization of
non-monosaccharide substrates as energy sources raises the question of the usefulness of
these substrates. It has been suggested that these substrates could be an alternative in cir‐
cumstances in which monosaccharide availability was limited [27, 37]. However, a thorough
study of the energy substrates content that is present in each segment of the female genital
tract is lacking, even in the best studied species. This impedes the complete elucidation of
this suggestion. Despite this, the role of non-monosaccharide substrates as external energy
sources for mammalian spermatozoa deserves a more in-depth study in order to clarify its
biological importance and role.
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their energy regulating mechanisms. Little is known regarding how mammalian sperm
modulate these changes, and this is one of the most challenging investigation fields that is
currently open in the study of mammalian sperm function.

3. Energy sources for mammalian spermatozoa

Energy production requires easy availability of energy substrates. In a general sense, any eu‐
karyotic cell can obtain energy from either external or internal sources. External sources can
be very different, from monosaccharides to lipids, whereas internal sources are mainly poly‐
saccharides such as glycogen and lipids, although other internal sources can be aminoacids
and other. Regarding mammalian sperm, separate external and also internal energy sources
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are not keeping in direct contact with blood during their entire life. In this way, external en‐
ergy sources might came from secretions of cells from the female genital tract or from semi‐
nal plasma. This implies that sperm must have very efficient mechanisms to uptake external
energy resources, which will not be directly directed towards them. Moreover, and center‐
ing on seminal plasma as energy source, the time lapse that ejaculated sperm are in close
contact with seminal plasma is, in fact, short. In fact, in species in which the ejaculated vol‐
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tract. In this manner, sperm would be able to simultaneously find energy sources from both
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sperm find in their journey inside the female genital tract. This mixture will came from both
seminal plasma and female genital tract secretions, with predominance from one or the oth‐
er source depending on the species and the exact location inside the genital tract.

All of this digression has been only centered in the origin of sperm external energy sources.
However, what are exactly these energy sources? There is a general consensus in pointing at
monosaccharides as the main energy sources for mammalian sperm [46]. Notwithstanding,
sperm can utilize other substances than monosaccharides. Thus, boar sperm is able to utilize
a wide range of substances, such as glycerol, lactate, pyruvate and citrate [26, 27, 37]. Other
species are able to utilize also non-monosaccharide substrates as energy sources, although
more information is needed to clarify this point (see as examples [22, 50]). The utilization of
non-monosaccharide substrates as energy sources raises the question of the usefulness of
these substrates. It has been suggested that these substrates could be an alternative in cir‐
cumstances in which monosaccharide availability was limited [27, 37]. However, a thorough
study of the energy substrates content that is present in each segment of the female genital
tract is lacking, even in the best studied species. This impedes the complete elucidation of
this suggestion. Despite this, the role of non-monosaccharide substrates as external energy
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Figure 1. Mini-array analysis of the tyrosine, serine and threonine phosphorylation status of several proteins involved
in the regulation of cell cycle and overall cell function in dog and boar spermatozoa after incubation with glucose or
fructose. Dog and boar spermatozoa were incubated for 5 min in the absence (C-) or presence of either 10mM fruc‐
tose (10mM F) or 10mM glucose (10mM G). The tyrosine- (Phos-Tyr), serine- (Phos-Ser) and threonine-phosphorylation
(Phos-Thre) levels of each spot in the mini-arrays were then analysed. The figure shows a representative image for five
separate experiments. Figure excerpted from [17]).

Turning on monosaccharides, one of the most intriguing questions is the ability of sperm to
utilize a variety of sugars that are present, at east in seminal plasma. As indicated above,
this is a very difficult question to study, since the sugars composition of seminal plasma is
very different among species. In this sense, there are a significant number of species in
which fructose is the main sugar, like human or mice [32]. However, in other species, like
boar, fructose is not predominant [6, 32]. The main sugar in horse is not fructose or glucose,
but sorbitol [42]. This sorbitol is further converted in fructose through the action of the en‐
zyme sorbitol dehydrogenase, despite of old works indicating that horse sperm were not
able to metabolize sorbitol [42]. Finally, there are also species, like dog, which lacks any
monosaccharide in its seminal plasma [44, 48]. Another intriguing question is the mere pres‐
ence of sugars, like fructose and sorbitol that are not typical in any other animal tissue. In
fact, both fructose and sorbitol are typical vegetal sugars, without any significant presence
in animals, excepting in mammalian seminal plasma. It is noteworthy that the utilization of
sugars like fructose, sorbitol and mannose by sperm of species like boar and dog of is in fact
less effective in order to obtain energy than that of glucose [36, 45]. The greater effectiveness
of glucose is mainly linked to a greater sensitivity to the hexokinase system, which phos‐
phorylates sugars as a first step in their metabolization pathway [36, 45]. Taking into ac‐
count this lower efficiency, it is difficult to understand the biological logics to utilize sugars
like fructose or sorbitol as mere energy sources for sperm. Another explanation for this ap‐
parent contradiction would be that non-glucose monosaccharides could exert other roles
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than that of mere energy sources. In this sense, incubation of dog sperm with fructose in‐
duced a specific decrease of serine phosphorylation levels of several proteins with key roles
in the regulation of sperm cell function, such as protein kinases Akt, PI3 kinase, ERK-1 and
protein kinase C ([17] and Figure 1). Strikingly, the incubation with glucose induced a spe‐
cific increase in the serine phosphorylation levels of other key regulatory proteins, like c-kit,
Raf-1, tyrosine kinase and several protein phosphatases ([17] and Figure 1) These effects
might induce sugar-specific changes in the overall dog sperm function. On the contrary, the
incubation of boar sperm with either glucose or fructose did not induce any of the specific
actions observed in dog sperm ([17] and Figure 1). All of these results clearly indicate that
sugars can have a sugar- and species-specific action as signaling compounds, modulating
thus sperm function in a closely-linked manner, depending on the moment in which sperm
and sugar were kept in contact. In this way, the idea of seminal plasma sugars as mere ener‐
gy sources would be dismissed and being substituted by another idea; sugars as both energy
sources and direct sperm function modulators in a simultaneous and coordinated form.

External sources, however, are not the only possibility found by mammalian sperm to ob‐
tain energy. Sperm can obtain energy also from endogenous sources. One of the most stud‐
ied sources is glycogen. The presence of a functional glycogen metabolism has been
demonstrated in several species, such as dog, boar, horse, ram and bonnet monkey [5], al‐
though no glycogen was found in other species like mice and rat [3]. The primary role of
these internal energy sources would be, logically, the maintenance of a limited energy reser‐
voir, although this could not be a universal function. In fact, dog sperm glycogen plays a
role in the achievement of “in vitro” capacitation in a medium without glucose by being a
key intermediate metabolite in the obtainment of energy through gluconeogenesis, which
was essential to the achievement of the capacitated status [1, 2]. Thus, in dog sperm, glyco‐
gen plays an important role as capacitation regulator, besides its energy reservoir role. In
this manner, a more in-depth sturdy of the exact role of glycogen should be needed to ob‐
tain a clearer picture of the utilization of endogenous substrates as energy sources in sperm.

4. Main metabolic pathways to obtain energy and control mechanisms
involved in the coordination of energy management of mammalian
sperm

If monosaccharides are considered as the most important exogenous energy source for
mammalian sperm, the question of the precise metabolic pathways by which mature mam‐
malian sperm obtain energy is relatively straightforward. Thus, the main metabolic pathway
is glycolysis. The preeminence of glycolysis in freshly ejaculated sperm has been demon‐
strated in species like bull, mice and boar [21, 33, 39]. In fact, in species like boar, at least the
95% of the energy obtained from glucose is obtained through the glycolytic pathway in
freshly obtained ejaculates [33]. The explanation of the glycolysis preeminence in these spe‐
cies is easy to understand. Glycolysis would reach high velocity rates taking from a very
high velocity of sugars intake and phosphorylation. This will be due to the very high sensi‐
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separate experiments. Figure excerpted from [17]).
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very different among species. In this sense, there are a significant number of species in
which fructose is the main sugar, like human or mice [32]. However, in other species, like
boar, fructose is not predominant [6, 32]. The main sugar in horse is not fructose or glucose,
but sorbitol [42]. This sorbitol is further converted in fructose through the action of the en‐
zyme sorbitol dehydrogenase, despite of old works indicating that horse sperm were not
able to metabolize sorbitol [42]. Finally, there are also species, like dog, which lacks any
monosaccharide in its seminal plasma [44, 48]. Another intriguing question is the mere pres‐
ence of sugars, like fructose and sorbitol that are not typical in any other animal tissue. In
fact, both fructose and sorbitol are typical vegetal sugars, without any significant presence
in animals, excepting in mammalian seminal plasma. It is noteworthy that the utilization of
sugars like fructose, sorbitol and mannose by sperm of species like boar and dog of is in fact
less effective in order to obtain energy than that of glucose [36, 45]. The greater effectiveness
of glucose is mainly linked to a greater sensitivity to the hexokinase system, which phos‐
phorylates sugars as a first step in their metabolization pathway [36, 45]. Taking into ac‐
count this lower efficiency, it is difficult to understand the biological logics to utilize sugars
like fructose or sorbitol as mere energy sources for sperm. Another explanation for this ap‐
parent contradiction would be that non-glucose monosaccharides could exert other roles

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed158

than that of mere energy sources. In this sense, incubation of dog sperm with fructose in‐
duced a specific decrease of serine phosphorylation levels of several proteins with key roles
in the regulation of sperm cell function, such as protein kinases Akt, PI3 kinase, ERK-1 and
protein kinase C ([17] and Figure 1). Strikingly, the incubation with glucose induced a spe‐
cific increase in the serine phosphorylation levels of other key regulatory proteins, like c-kit,
Raf-1, tyrosine kinase and several protein phosphatases ([17] and Figure 1) These effects
might induce sugar-specific changes in the overall dog sperm function. On the contrary, the
incubation of boar sperm with either glucose or fructose did not induce any of the specific
actions observed in dog sperm ([17] and Figure 1). All of these results clearly indicate that
sugars can have a sugar- and species-specific action as signaling compounds, modulating
thus sperm function in a closely-linked manner, depending on the moment in which sperm
and sugar were kept in contact. In this way, the idea of seminal plasma sugars as mere ener‐
gy sources would be dismissed and being substituted by another idea; sugars as both energy
sources and direct sperm function modulators in a simultaneous and coordinated form.

External sources, however, are not the only possibility found by mammalian sperm to ob‐
tain energy. Sperm can obtain energy also from endogenous sources. One of the most stud‐
ied sources is glycogen. The presence of a functional glycogen metabolism has been
demonstrated in several species, such as dog, boar, horse, ram and bonnet monkey [5], al‐
though no glycogen was found in other species like mice and rat [3]. The primary role of
these internal energy sources would be, logically, the maintenance of a limited energy reser‐
voir, although this could not be a universal function. In fact, dog sperm glycogen plays a
role in the achievement of “in vitro” capacitation in a medium without glucose by being a
key intermediate metabolite in the obtainment of energy through gluconeogenesis, which
was essential to the achievement of the capacitated status [1, 2]. Thus, in dog sperm, glyco‐
gen plays an important role as capacitation regulator, besides its energy reservoir role. In
this manner, a more in-depth sturdy of the exact role of glycogen should be needed to ob‐
tain a clearer picture of the utilization of endogenous substrates as energy sources in sperm.
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If monosaccharides are considered as the most important exogenous energy source for
mammalian sperm, the question of the precise metabolic pathways by which mature mam‐
malian sperm obtain energy is relatively straightforward. Thus, the main metabolic pathway
is glycolysis. The preeminence of glycolysis in freshly ejaculated sperm has been demon‐
strated in species like bull, mice and boar [21, 33, 39]. In fact, in species like boar, at least the
95% of the energy obtained from glucose is obtained through the glycolytic pathway in
freshly obtained ejaculates [33]. The explanation of the glycolysis preeminence in these spe‐
cies is easy to understand. Glycolysis would reach high velocity rates taking from a very
high velocity of sugars intake and phosphorylation. This will be due to the very high sensi‐
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tivity to sugars of both GLUTs monosaccharide transporters and overall hexokinase activity.
In fact, glycolytic rate is so high in species like bull that it rarely achieve the theoretical stoi‐
chiometric ATP yield of the glycolytic pathway, living thus to the establishment of an active
substrate cycling, important to the maintenance of motility [21]. In fact, the ability of gener‐
ate energy of a specific sugar would depend on the ability of each sugar to be uptaken and
subsequent phosphorylated. In this way, it is important to remind that this sensitivity
changes upon a sugar- and species-specific basis. Thus, as described above and taking por‐
cine sperm as a basis, it is important to remind that the velocity by which glucose is phos‐
phorylated and then incorporated to the glycolytic flux is greater than that observed by
other sugars like fructose, sorbitol and mannose [36]. The ability of each species to utilize
each separate sugar will be then different, depending on the specific machinery that sperm
have in order to uptake and further phosphorylate monosaccharides. In fact, this machinery
can be more different among species than that previously thought. As an example, dog
sperm have two separate hexokinase activities. The first has a very high sensitivity for sug‐
ars as glucose, with a Km of about 0.1 mM. The second hexokinase activity has much lover
glucose sensitivity, with kinetic properties very similar to those described for hepatic gluco‐
kinase [16]. This sophisticated machinery makes dog sperm able to develop a dual reactivity
to react against very separate glucose concentrations, specifically changing sperm function
in contact with environments with these separate characteristics. Remarkably, sperm from
other species such as boar have not any glucokinase-like activity [16], reflecting thus a spe‐
cies-specific reactivity against glucose that is inititated at the very start of the glucose utiliza‐
tion pathway.

The final sugar utilization step is the entry of pyruvate obtained at the end of glycolysis into
mitochondria to be subsequent degraded into the mitochondrial respiration system. There is
not a universal agreement regarding the importance of mitochondria-based energy obtain‐
ment. In this way, an optimal mitochondrial function has been related not only with sperm
motility in bull [18], horse [20], ram [34] and mouse [39] but also with fertilization ability in
human (30). However, gene knock-out of the glycolytic enzyme glyceraldehyde-phosphate
dehydrogenase (GAPDH) in transgenic mice caused the appearance of non-motile sperm
and a significant reduction of the ATP content (10% of the total) despite having no deficien‐
cy in oxygen consumption [38]. This seems to imply that although a correct mitochondrial
function is needed to the maintenance of an optimal sperm function, mitochondrial respira‐
tion would not be the most important role of mitochondria to exert their activity. Another
explanation would be that mitochondrial respiration would not be important in the mainte‐
nance of the overall energy status of sperm, although it would be of the utmost importance
in the maintenance of punctual aspects of sperm function. In this sense, progesterone-in‐
duced acrosome exocytosis of boar sperm subjected to a previous “in vitro” capacitation is
concomitant with a rapid, intense and transitory burst of oxygen consumption [42]. More‐
over, unpublished results from our laboratory show that the inhibition of this oxygen con‐
sumption burst is concomitant with an almost complete lack of progesterone-induced
acrosome exocytosis (Figure 2 and data not shown). These results are concomitant with
overall low levels of oxygen consumption, which in fact indicate that the majority of ATPs
obtained by boar sperm do not come from mitochondrial respiration [33]. However, the re‐
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sults seem to indicate that the minority mitochondrial respiration is essential to obtain a fea‐
sible progesterone-induced acrosome exocytosis.

Figure 2. Rhythm of O2 consumption of boar sperm subjected to “in vitro” capacitation and subsequent “in vitro” ac‐
rosome reaction in the presence or absence of olygomycin A or in Ca2+-depleted capacitation medium. Boar sperm
were incubated for 4h and then were added with 10 µg/mL progesterone and subjected to a further incubation for
60 min. A): Sperm cells incubated in a standard capacitation medium or in media added with 2.4 µM olygomycin A. :
Control cells. : Spermatozoa incubated in capacitation medium added with 2.4 µM olygomycin A from the begin‐
ning of the incubation. ▲: Spermatozoa incubated in a standard capacitation medium for 4h and subsequent added
with 10 µg/mL progesterone and 2.4 µM olygomycin A together. B): Sperm cells incubated in a standard capacitation
medium or in Ca2+-depleted media. ○: Spermatozoa incubated in capacitation medium without Ca2+ and added with
2 mM EGTA from the beginning of the experiments. : Spermatozoa incubated in a standard capacitation medium for
4h and subsequent added with 10 µg/mL progesterone and 2 mM EGTA together Results are expressed as means
±S.E.M. for 7 separate experiments. Asterisks indicate significant (P<0.05) differences when compared with the respec‐
tive Control values. Results excerpted from [43]) and unpublished data from our laboratory.

However, as exposed above, monosaccharides are not the only energy source that sperm
can utilize. Other substrates, such as citrate and lactate, can be utilized to obtain energy, at
least in several mammalian species. The ways by which mammalian sperm utilize these non-
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monosaccharide substrates have not been as thoroughly studied as those linked to monosac‐
charide metabolization. In this way, boar sperm have been one of the most studied species.
In this species, extracellular citrate and lactate are utilized after their intake by metaboliza‐
tion through the Krebs cycle [37]. This metabolization is the same than that detailed for many
other cellular types. However, sperm utilization of citrate and lactate has several specific
features. Thus, a sperm-specific lactate dehydrogenase (LDH) isozyme has been described
in  several  species  [12,  27,  37,  40,  41].  This  specific  isozyme,  named LDH-X is  the  most
important LDH form in sperm in which it has been described, such as boar [27], whereas
its activity presents several differentiate features. In this sense, the LDH-X is distributed in
both soluble and non-soluble fractions of sperm extracts obtained through sonication [37],
indicating thus the existence of a specific distribution pattern of this LDH-X in sperm. More‐
over, the kinetic characteristics of the LDH are different, depending on the location of the
enzyme, either in the soluble or the non-soluble sperm extract fraction [37]. In fact, immu‐
nocytochemistry of boar sperm has shown that the LDH-X is mainly located at the mid‐
piece and principal area of the tail, linking thus its activity to the neighboring of mitochondria-
located Krebs cycle activity [37]. All of these information clearly indicate that the regulation
of sperm LDH activity, and hence lactate metabolism, is regulated in a very complex man‐
ner, with mechanisms depending on factors such as the precise location of the key regula‐
tory enzymes. Another interesting feature of both sperm lactate and citrate metabolism is
that lactate enters the Krebs cycle through a direct pathway, which does not need its previ‐
ous conversion to pyruvate [27,  37].  This  direct  pathway is  important,  since it  not  only
produces energy, but also relevant levels of reductive potential, allowing sperm to regener‐
ate significant amounts of NAD+. Regarding citrate, sperm can metabolize it through two
simultaneous pathways. The first pathway is through direct utilization by Krebs cycle, yield‐
ing CO2 and ATP. The second pathway is indirect, by following two sequential steps. A first
step in which citrate enters  into the Krebs cycle.  In the second step the metabolites  de‐
rived from citrate after its pass through the Krebs cycle are directed to the pyruvate carbox‐
ylase step, which converted these metabolites in lactate, which, in turn, will be sent to the
extracellular medium and again re-entered into the Krebs cycle through the LDH-X step. At
first glance, the biological meaning of this second, convoluted pathway is not immediately
understood. However, if the maintenance of a correct NAD+/NADH equilibrium is consid‐
ered as basic to maintain a proper sperm function, the main objective of this second, indi‐
rect pathway would be not the obtainment of energy, but of reductive potential. In this way,
citrate and lactate can have a paramount role not as energy producers,  but as reductive
potential metabolites.

5. Roles of mitochondria in the control of the overall mature boar sperm
function

As previously indicated, the main energy source for mature mammalian sperm are ATPs
obtained either through the glycolytic pathway or mitochondrial oxidative pathways. The
precise equilibrium between both energy-obtaining pathways will be different among spe‐
cies and in cases like boar and mice, this equilibrium is greatly unbalanced towards glycoly‐
sis, which is the overly majoritary energy-obtaining pathway in the presence of sugars like
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glucose [33, 39)]. This pre-eminence of glycolysis in species like boar and mouse arises to an
important question, if sperm mitochondria seem no have a predominant role in these spe‐
cies in obtaining energy, what are their main role? Investigators can only speculate on this
point, although there are several data regqarding mainly boar sperm that can aid to obtain a
better vision of this issue. The first data correspond to the observation of boar sperm mitochon‐
dria ultra-structure (Figure 3). Electron microscope images of boar sperm mitochondria show
an organella with very few prominent inner membrane crests.  Instead of  this,  the inner
mitochondrial space is mainly occupied by thin and short crests and with an amorphous and
homogeneous matrix. This is very different to the classical image for mitochondria, which,
like those form hepatocytes, show an inner structure crowded with prominent inner crests.
Taking into account that the most important steps of the electronic transport system and
subsequent ATP synthesis are structurally linked to inner mitochondrial crests, it is easy to
assume that boar sperm mitochondria would be not be very efficient as energy suppliers. In
fact, the oxygen consumption rate of boar sperm, which is a direct measure of mitochondri‐
al ability to generate energy, is about 2 magnitude orders lower than that measured in pig
hepatocytes [4, 43]. However, this does not preclude that mitochondria-originated energy
would not be important for sperm function in species in which glycolysis is the most impor‐
tant energy-synthesizing pathway. Regarding this point, our laboratory has shown that the
achievement of a feasible, progesterone-induced “in vitro” acrosome reaction is concomitant
with a sudden and intense peak of O2 consumption rate and also of intracellular ATP levels
([43] and Figures 2,4). Furthermore, unpublished data from our laboratory clearly shows that
this peak is not present in conditions in which progesterone-induced acrosome reaction is
prevented. These results strongly suggest the existence of a close relationship between mito‐
chondria-generated energy and the achievement of the acrosome reaction, despite of the low
energy-efficiency of these organelles.

Figure 3. Ultrastructural image of boar sperm mitochondria. The low development of inner crests is noticeable (aster‐
isks). BM: inner mitochondrial membrane. P: cell membrane. A: axoneme. FD: dense fibres. GP: peripheral granules.
From [7]).
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Figure 4. Intracellular ATP levels of boar sperm subjected to “in vitro” capacitation and subsequent “in vitro” acro‐
some reaction in the presence or absence of olygomycin A or in Ca2+-depleted capacitation medium. Boar sperm were
incubated for 4h and then were added with 10 µg/mL progesterone and subjected to a further incubation for 60 min.
A): Sperm cells incubated in a standard capacitation medium or in media added with 2.4 µM olygomycin A. : Control
cells. : Spermatozoa incubated in capacitation medium added with 2.4 µM olygomycin A from the beginning of the
incubation. ▲: Spermatozoa incubated in a standard capacitation medium for 4h and subsequent added with 10
µg/mL progesterone and 2.4 µM olygomycin A together. B): Sperm cells incubated in a standard capacitation medium
or in Ca2+-depleted media. ○: Spermatozoa incubated in capacitation medium without Ca2+ and added with 2 mM
EGTA from the beginning of the experiments. : Spermatozoa incubated in a standard capacitation medium for 4h
and subsequent added with 10 µg/mL progesterone and 2 mM EGTA together Results are expressed as means±S.E.M.
for 7 separate experiments. Asterisks indicate significant (P<0.05) differences when compared with the respective
Control values. Results excerpted from unpublished data from our laboratory.
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Figure 5. Percentages of total motility of boar sperm subjected to “in vitro” capacitation and subsequent “in vitro”
acrosome reaction in the presence or absence of olygomycin A or in Ca2+-depleted capacitation medium. Boar sperm
were incubated for 4h and then were added with 10 µg/mL progesterone and subjected to a further incubation for
60 min. Total motility has been defined as the percentage of spermatozoa with a curvilinear velocity (VCL) higher than
20 µm/sec. A): Sperm cells incubated in a standard capacitation medium or in media added with 2.4 µM olygomycin
A. : Control cells. : Spermatozoa incubated in capacitation medium added with 2.4 µM olygomycin A from the be‐
ginning of the incubation. ▲: Spermatozoa incubated in a standard capacitation medium for 4h and subsequent add‐
ed with 10 µg/mL progesterone and 2.4 µM olygomycin A together. B): Sperm cells incubated in a standard
capacitation medium or in Ca2+-depleted media. ○: Spermatozoa incubated in capacitation medium without Ca2+ and
added with 2 mM EGTA from the beginning of the experiments. : Spermatozoa incubated in a standard capacitation
medium for 4h and subsequent added with 10 µg/mL progesterone and 2 mM EGTA together Results are expressed
as means±S.E.M. for 7 separate experiments. Asterisks indicate significant (P<0.05) differences when compared with
the respective Control values. Results excerpted from 42) and unpublished data from our laboratory

However, the fact that Krebs cycle seems to be important only in punctual moments of the
boar sperm life-time does not necessarily indicate that boar sperm mitochondria are only
important in this point. It is noteworthy that mitochondria have much more roles than purely
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being a mere energy-producing factory. Mitochondria also play a key role in the control of
other very important aspects of eukaryotic cells function, like modulation of apoptosis and
the control of calcium metabolism. Thus, it is very probable that mitochondria from sperm
of species like boar or mouse exert their most important functions on other cellular function‐
al points than energy management. Unpublished results from our laboratory are strongly
pointing out this supposition. Thus, the incubation of boar sperm in a capacitation medi‐
um in the presence of olygomycin A, a specific inhibitor of the electronic chain and the
chemiosmosis steps [11], immobilizes boar sperm and prevent them to achieve “in vitro”
capacitation. However, this effect was accomplished without any significant changes in the
rhythm of O2 production and the intracellular ATP levels (Figures 2, 4, 5 and data not shown
from our labvoratory). In contrast, the incubation of boar sperm in a capacitation medium
without calcium induces an increase in the velocity parameters of these cells, although the
achievement of capacitation is also prevented (data not shown). The effect linked to the lack
of extracellular calcium however, is again concomitant with no changes in both the rhythm
of O2 production and the intracellular ATP levels (Figures 2, 4 and data not shown). The
conclusion from these results is that boar (and probably mice) sperm mitochondria play an
important regulatory role in the control of functional aspects such as motility patterns and
the achievement of “in vitro” capacitation by ways that are not directly linked to energy
production. This opens a new perspective in the manner in which investigators would have
to approximate to the understanding of the mitochondria role in the control of sperm func‐
tion.  However,  much more work is  needed in order to achieve a complete view of this
complex phenomenon.

6. Metabolic phenotypes: a result of the separate evolutionary strategies
developed by mammals to optimize reproductive indexes

All of data showed above highlight a phenomenon that has not been much explained, al‐
though it is well known by all of investigators in this field. This phenomenon is the strong
species-specificity that energy obtainment mechanisms show when comparing separate
mammals. Differences are so intense that several metabolic phenotypes can be defined, de‐
pending on the metabolic characteristics showed by each species. In this manner, there are
at least two separate metabolic phenotypes regarding mammalian spermatozoa. The first
phenotype will be composed by species in which energy substrates, mainly monosacchar‐
ides, will be directed to the practically immediate utilization of all of the assimilated sugars
through the appropriate catabolic pathways, especially glycolysis. This specific metabolic
phenotype is very common in mammalian sperm, especially in those species, which do not
require a long, sperm-survival time-lapse inside the female genital tract such as pig and bull
[24, 47]. However, a second phenotype is evident in species where sperm survival inside the
female genital tract must be relatively long, such as the dog [15]. In these species, an energy
strategy based upon an entirely catabolic metabolism would not be efficient. The optimiza‐
tion of energy Management in relatively long-living sperm like dog would be optimized
with the presence of alternative anabolic pathways, such as glycogen synthesis, which al‐
lows for the maintenance of a significant mid-to-long intracellular energy reserve. This re‐
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serve would play an important role in the maintenance of “in vivo” sperm survival. In fact,
as discussed above, the existence of a fully functional glycogen metabolism has been dem‐
onstrated in sperm from species like dog, boar, horse and ram [5]. Remarkably, dog sperm
shows the most active glycogen metabolism of all of the studied species, in this way accu‐
mulating the maximal recorded intracellular levels [5]. As described above, this glycogen
plays an important role in the achievement of feasible “in vitro” capacitation [1, 2], reinforc‐
ing thus the importance of this anabolic pathway in dog. The importance of glycogen syn‐
thesis in dog would be surely linked to another important feature, also described above. It is
worth noting that dog sperm is the only studied species so far that shows the presence of
two separate hexokinase activities. The first of them is similar to hexokinase-I, which is
present in all of the studied mammalian sperm. The second, however, is similar in kinetic
and immunologic properties to the hepatic and pancreatic isoform glucokinase [16]. The
presence of a glucokinase-like activity in dog sperm but not in other species like boar ac‐
quires utmost importance when the precise role that hepatic and pancreatic glucokinase
plays is studied. Thus, it is well known that hepatic glucokinase acts as a “metabolistate”
that diverts hexoses metabolism to either anabolic or catabolic pathways, depending on fac‐
tors such as the precise physiologic cell status and sugar extracellular levels [9]. If a similar
role for the dog sperm glucokinase-like activity is assumed, the inference that this protein
also regulates the entry of energy metabolites in either anabolic or catabolic pathways can be
also yielded. These assumptions, notwithstanding will depend on both the precise energy
necessities and the extracellular concentrations of sugars inside the female genital tract.
Moreover, this “metabolistate” seems to be in the basis of above described, observed differ‐
ential effects of fructose and glucose in the serine phosphorylation levels of dog sperm pro‐
teins like protein kinase C [17]. Thus, dog sperm reaches an even more fine regulation of not
only their intracellular energy levels, but also their overall functional status. This very fine
regulation would surely increase survival ability of these cells.

These two separate metabolic phenotypes would not surely be the only present among
mammalian species. Much more work is needed in order to describe and analyze this phe‐
nomenon. In any case, the existence of these metabolic phenotypes would be of the greatest
importance. These phenotypes, in fact, will be the reflection of the sperm specialization due
to the adoption of separate reproductive strategies among mammals. Thus, these separate
evolutive, reproductive strategies will cause the existence of great differences among sperm
of separate species not only under a morphological, but also under a metabolic point of
view. These differences among species would be, in turn, at the basis of the described differ‐
ences in vital aspects of sperm function, such as motility patterns and capacitation mecha‐
nisms. Finally, these physiological differences would also be reflected in changes in the
specific strategy developed to store a particular semen sample from a precise species in opti‐
mal conditions.
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7. Modulation of energy metabolism as a tool to improve IA results

It seems obvious that a good regulation of the energy regulation mechanisms would be of
the utmost importance in order to optimize sperm storage and, hence AI results. Surprising‐
ly, very few investigations have been conducted on this specific point. This could be due to
the historical misinterpretation of sperm energy regulatory mechanisms. Historically, these
mechanisms has be considered as being simple and linear and, hence of little practical im‐
portance [32]. In this way, the majority of semen extenders contain inordinate concentra‐
tions of various sugars, like glucose and fructose. The basis for this addition is the thinking
that sperm will utilize separate sugars in a similar manner and by linear, concentration-de‐
pendent mechanisms. This strategy has at least three weak points. The first point is the fact
that the optimal utilization of sugars by sperm is reached to determined concentrations of
this sugars. For instance, the optimal utilization rate of glucose by sperm from dog and boar
is reached to very low concentrations of the sugar, at about 0.1 mM [16, 36, 37, 45]. This indi‐
cates that the addition of low concentrations of sugar to the extenders would be enough to
maintain sperm energy levels. This is not followed by the majority of extenders, in which
sugars are added to concentrations above 50 mM. At these concentrations, the sperm energy
machinery is overrated and non-optimal, despite the fact that cells are stored to low temper‐
atures. The second weak point is the fact that, as described above, sugars could have other
effects that being mere energy supplies (see [17]). In this case, the election of either glucose
or fructose in a species can influence their ability of survival by modifying specific aspects of
sperm functionality. The third weak point is that mammalian sperm are abler to utilize non‐
glucidic substrates as energy sources. Nonglucidic substrates like lactate and citrate are fre‐
quently added to semen extenders in order to play roles that are not related to the
maintenance of sperm energy levels. Some of these roles are, for instance, maintenance of
osmolarity and pH. However, sperm cells can consume these substances and, in this way,
the extender design would lose its conservative properties, since some protective functions
(maintenance of osmolarity, pH, etc.) could be impaired when these substances are metabo‐
lized by sperm. Following this rationale, the exact proportion of glucose and nonglucidic
substrates like citrate and lactate greatly affects several parameters of boar-semen quality
analysis during storage at 15ºC-17ºC. Some of the parameters affected by the exact sugar/
non-sugar composition of extenders were the membrane integrity, the response to function‐
al tests like the osmotic resistance test and the overall mid-term survival at 15ºC-17ºC [35].
These results strongly suggest that the exact proportion of these substrates, more than their
final concentration, is of the greatest importance to optimize the maintenance of sperm func‐
tion during sperm storage in refrigerated conditions.

As a conclusion, the lack of a proper knowledge of the mechanisms linked to the control of
mammalian sperm energy management is hampered a further optimization of the semen ex‐
tenders utilized in the different species. This would have a detrimental effect in the subse‐
quent AI results obtained with semen stored in sub-optimally designed extenders. This
highlights the great interest in more investigations in order to elucidate the exact mecha‐
nisms of energy management in all of the domestic mammalian species.
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8. Conclusion

Energy management of mature mammalian spermatozoa is a much complex question than
that usually devised. This complexity is due to a combination of factors, such as the exis‐
tence of rapid and profound environmental changes during the entire life of sperm post-
ejaculation, as well as the development of many different evolutionary reproductive
strategies among mammalian species, which lead sperm to develop specific energetic strat‐
egies. In this sense, factors like the time that sperm have to spend inside the female genital
tract or the existence of competence among sperm from separate males inside the female
will play important roles in the design of an optimal energy management strategy in each
mammalian species.
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Artificial Insemination in Poultry

M.R. Bakst and J.S. Dymond

Additional information is available at the end of the chapter
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1. Introduction

Artificial insemination (AI) is the manual transfer of semen into the female’s vagina. Basically
it is a two step procedure: first, collecting semen from the male [1]; and second, inseminating
the semen into the female [2]. In poultry, depending on the objectives and goals of the farm or
laboratory, there may be intervening steps such as semen dilution, storage, and evaluation.

Artificial insemination is practiced extensively with commercial turkeys. This is primarily the
result of selective breeding for a heavier and broader-breasted commercial turkey and the
consequent inability of toms to consistently transfer semen to the hen at copulation. The broiler
industry has not adapted AI to the extent of the turkey industry but it is occasionally used in
pedigree lines and in regions where labor is relatively cheap.

To grasp the magnitude of AI in the turkey industry compared to that of livestock, a hypo‐
thetical flock of 500 breeder hens inseminated with 100 μL of diluted semen (1:1) twice the
week before the onset of egg production and once weekly thereafter for the 24 wk of egg
production would entail 13,000 inseminations using 650 mL of semen. It should be apparent
with these numbers, semen collection and hen inseminations are labor intensive as each male
and female must be handled each week.

Looking back over the use of AI in the turkey industry one can safely say that in the 1960s,
weekly inseminations were based on semen volume per dose using undiluted semen. In the
1970s and early 1980s, breeder farms began to dilute semen and inseminate a known number
of sperm per dose. In the mid-1980s through the 1990s, hens were initially inseminated a week
before the onset of lay and inseminations were performed with a known number of ‘viable’
sperm. Currently, while inseminating before the onset of egg production remains widely
practiced, most companies, but not all [3], have gone back to inseminating a known volume
of semen or number of sperm per dose, in the 1970s and 1980s.

© 2013 Bakst and Dymond; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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In the following chapter we will review the basics of AI and fertility evaluation in poultry. To
better appreciate the biological basis of these techniques, an overview of the reproductive
biology of poultry is provided. Detailed descriptions of techniques for the collection, evalua‐
tion, dilution, and storage of poultry semen are available in a recent publication by Bakst and
Long [4]. Earlier comprehensive reviews include Lake and Stewart [5], Bakst and Wishart [6],
and Bakst and Cecil [7].

2. Reproductive biology of poultry

This section will introduce to some and review for others the strategy of avian reproduction
with emphasis on the hen. For more comprehensive reviews on reproduction in the avian male
and female see Jamieson [8].

2.1. Overview

The goal of AI is to produce a succession of fertilized eggs between successive inseminations.
To accomplish this, weekly inseminations must replenish the sperm population in the
uterovaginal junction (UVJ) sperm storage tubules (SSTs). Birds do not have an estrous cycle
that synchronizes copulation with ovulation. Alternatively, about 7-10 days before their first
ovulation, hens mate, sperm ascend the vagina and then enter the SSTs. At the onset of egg
production, individual sperm are slowly released from the SSTs, transported to the anterior
end of the oviduct, and interact with the surface of the ovum (see [9-10] for recent reviews).
Whether fertilized or not, over the next 24-26 hr the ovum is transported though the oviduct,
accruing the outer perivitelline layer (PL) in the infundibulum, the albumen in the magnum,
the shell membrane in the isthmus, and the hard shell in the uterus (also referred to as the shell
gland) before oviposition. If fertilized, the blastoderm in the first laid egg consists of
40,000-60,000 cells in the turkey and 80,000-100,000 cells in the chicken.

Ovary: In the hen only the left ovary and oviduct become functional organs. About 2-3 wk
before the onset of lay, small (less than 1 mm in diameter) white-yolk follicles begin to
accumulate yellow yolk with some being recruited into a hierarchy of maturing yellow-yolk
follicles (Figure 1). At the time of ovulation, the largest follicle, designated as F1, is ovulated.
About 17 days were necessary for the 1 mm diameter white yolk follicle to mature to a pre-
ovulatory 40 mm diameter yellow yolk follicle [11]. After the F1 follicle is ovulated, the next
largest follicle, formerly designated F2, becomes the F1 follicle and will ovulate at the beginning
of the next daily “ovulatory cycle” in 24-26 hr.

The follicular sheath surrounding the maturing oocyte consists of histologically distinct con‐
centric layers of cells: the outer serosa (germinal epithelium); the theca externa, which forms the
greatest portion of the follicle wall, provides structural support to the follicle and has steriodo‐
genic cells; the theca interna, a highly vascularized layer, which like the theca externa has ste‐
roid-producing  cells  (both  thecal  layers  synthesize  androgens  and  estrogens);  and,  the
granulosa cell layer, enveloping the oocyte, which is responsible for progesterone secretion and
the synthesis of the inner PL. The inner PL is homologous to the mammalian zona pellucida and

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed176

is a fibrous reticulum about 2 μm thick. At ovulation, only the inner PL envelops the ovum.
While there is no corpus luteum formation in birds, the thecal layers and the granulosa of the
post-ovulatory follicle  (POF)  produce prostaglandins  [12]  and progesterone,  respectively
[13-16] then regress over the next 72 hr. The POF has a pocket like appearance after ovulation
(Figure 1). On the surface of the inner PL overlying the germinal disc (GD), which is a 3.5 mm di‐
ameter disc of white yolk containing the haploid pronucleus and associated organelles, are
sperm receptors. Sperm bind to the receptors overlying the GD, hydrolyze a path through the
inner PL, and are incorporated into the ovum. Polyspermy is normal in birds but only one sperm
in apposition to the female pronucleus undergoes nuclear decondensation and initiates synga‐
my, the reconstitution of the diploid number of chromosomes.

Figure 1. The ovary and oviduct of a turkey hen in egg production occupy much of the abdominal cavity. The ovarian
follicular hierarchy consisting of ovarian follicles at various stages of develop (7 maturing follicles visible in this photo‐
graph) is observed. The largest follicle, F1 follicle is the next to ovulate. The ovum ovulated about 10 hr earlier has
accrued albumen in the magnum (m), a shell membrane in the isthmus, and is observed in the uterus (ut) undergoing
shell formation. Its post-ovulatory follicular sheath (POF) appears as an open pocket. The vagina (distal to the uterus
and not visible) is embedded in connective tissue and enveloped by the abdominal fat pad.

2.2. Oviduct

The mature oviduct consists of five anatomically and functionally distinct segments (Figures
1 and 2): the infundibulum, which secretes an albumen-like product that forms the outer PL
and prevents pathological polyspermy; the magnum, responsible for deposition of the
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In the following chapter we will review the basics of AI and fertility evaluation in poultry. To
better appreciate the biological basis of these techniques, an overview of the reproductive
biology of poultry is provided. Detailed descriptions of techniques for the collection, evalua‐
tion, dilution, and storage of poultry semen are available in a recent publication by Bakst and
Long [4]. Earlier comprehensive reviews include Lake and Stewart [5], Bakst and Wishart [6],
and Bakst and Cecil [7].

2. Reproductive biology of poultry

This section will introduce to some and review for others the strategy of avian reproduction
with emphasis on the hen. For more comprehensive reviews on reproduction in the avian male
and female see Jamieson [8].

2.1. Overview

The goal of AI is to produce a succession of fertilized eggs between successive inseminations.
To accomplish this, weekly inseminations must replenish the sperm population in the
uterovaginal junction (UVJ) sperm storage tubules (SSTs). Birds do not have an estrous cycle
that synchronizes copulation with ovulation. Alternatively, about 7-10 days before their first
ovulation, hens mate, sperm ascend the vagina and then enter the SSTs. At the onset of egg
production, individual sperm are slowly released from the SSTs, transported to the anterior
end of the oviduct, and interact with the surface of the ovum (see [9-10] for recent reviews).
Whether fertilized or not, over the next 24-26 hr the ovum is transported though the oviduct,
accruing the outer perivitelline layer (PL) in the infundibulum, the albumen in the magnum,
the shell membrane in the isthmus, and the hard shell in the uterus (also referred to as the shell
gland) before oviposition. If fertilized, the blastoderm in the first laid egg consists of
40,000-60,000 cells in the turkey and 80,000-100,000 cells in the chicken.

Ovary: In the hen only the left ovary and oviduct become functional organs. About 2-3 wk
before the onset of lay, small (less than 1 mm in diameter) white-yolk follicles begin to
accumulate yellow yolk with some being recruited into a hierarchy of maturing yellow-yolk
follicles (Figure 1). At the time of ovulation, the largest follicle, designated as F1, is ovulated.
About 17 days were necessary for the 1 mm diameter white yolk follicle to mature to a pre-
ovulatory 40 mm diameter yellow yolk follicle [11]. After the F1 follicle is ovulated, the next
largest follicle, formerly designated F2, becomes the F1 follicle and will ovulate at the beginning
of the next daily “ovulatory cycle” in 24-26 hr.

The follicular sheath surrounding the maturing oocyte consists of histologically distinct con‐
centric layers of cells: the outer serosa (germinal epithelium); the theca externa, which forms the
greatest portion of the follicle wall, provides structural support to the follicle and has steriodo‐
genic cells; the theca interna, a highly vascularized layer, which like the theca externa has ste‐
roid-producing  cells  (both  thecal  layers  synthesize  androgens  and  estrogens);  and,  the
granulosa cell layer, enveloping the oocyte, which is responsible for progesterone secretion and
the synthesis of the inner PL. The inner PL is homologous to the mammalian zona pellucida and
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is a fibrous reticulum about 2 μm thick. At ovulation, only the inner PL envelops the ovum.
While there is no corpus luteum formation in birds, the thecal layers and the granulosa of the
post-ovulatory follicle  (POF)  produce prostaglandins  [12]  and progesterone,  respectively
[13-16] then regress over the next 72 hr. The POF has a pocket like appearance after ovulation
(Figure 1). On the surface of the inner PL overlying the germinal disc (GD), which is a 3.5 mm di‐
ameter disc of white yolk containing the haploid pronucleus and associated organelles, are
sperm receptors. Sperm bind to the receptors overlying the GD, hydrolyze a path through the
inner PL, and are incorporated into the ovum. Polyspermy is normal in birds but only one sperm
in apposition to the female pronucleus undergoes nuclear decondensation and initiates synga‐
my, the reconstitution of the diploid number of chromosomes.

Figure 1. The ovary and oviduct of a turkey hen in egg production occupy much of the abdominal cavity. The ovarian
follicular hierarchy consisting of ovarian follicles at various stages of develop (7 maturing follicles visible in this photo‐
graph) is observed. The largest follicle, F1 follicle is the next to ovulate. The ovum ovulated about 10 hr earlier has
accrued albumen in the magnum (m), a shell membrane in the isthmus, and is observed in the uterus (ut) undergoing
shell formation. Its post-ovulatory follicular sheath (POF) appears as an open pocket. The vagina (distal to the uterus
and not visible) is embedded in connective tissue and enveloped by the abdominal fat pad.

2.2. Oviduct

The mature oviduct consists of five anatomically and functionally distinct segments (Figures
1 and 2): the infundibulum, which secretes an albumen-like product that forms the outer PL
and prevents pathological polyspermy; the magnum, responsible for deposition of the
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albumen proteins; the isthmus, which forms the shell membrane; the uterus (also referred to
as the shell gland), a pocket-like structure that elaborates the hard-shell; and, the vagina, which
is a conduit between the uterus and cloaca for the egg-mass at oviposition and is responsible
for sperm selection and storage following semen transfer. Interestingly, when the vagina and
uterus are excised and fixed in toto and the connective tissue surrounding the vagina subse‐
quently removed, the vagina appears as a coiled segment (Figure 3) [10]. This anatomy explains
the resistance one feels when performing a vaginal insemination with a straw regardless of
the presence or absence of an egg mass in the uterus. If inseminating a hen within 30 min after
oviposition, the connective tissue around the vagina and the smooth muscle composing the
vaginal wall are flaccid. Venting (exteriorizing the vagina for placement of the inseminating
straw) at this time may induce a partial prolapse leading to a deep insemination (closer to the
UVJ) and the forfeiture of sperm selection by the vagina. Such deep inseminations are
associated with high embryo mortality, possibly due to pathological polyspermy.

The surface mucosa of each segment of the oviduct is lined with parallel, gently spiraling folds
along the longitudinal axis. The surface epithelium lining the luminal mucosa contains varying
proportions of secretory and ciliated cells. All segments except the fimbriated region of the
infundibulum and the vagina possess sub-epithelial tubular glands that secrete components
used in egg formation [17]. However, the anterior 2-3 cm of the vagina, an area referred to as
the UVJ (Figure 3), contains the SSTs, the primary sites of sperm storage [10] (Figure 4).

At ovulation, the ovum is grasped by the fimbriated region of the infundibulum and, if sperm
are present, the ovum may be fertilized within a 10-15 min interval [18]. Thereafter, infundib‐
ular secretions accrue around the ovum, forming the outer PL, which acts as a barrier to further
sperm penetration. Birkhead [19] observed that the number of sperm trapped in the outer PL
is positively correlated with the size of the ovum and is likewise correlated with the number
of sperm that have penetrated the inner PL. Interestingly, the sperm trapped in the outer PL
retain an intact acrosome [20-21]. If fertilized, the first cleavage furrow in the GD appears 7-8
hr post-ovulation, while the egg-mass is in the isthmus.

2.3. Oviductal sperm selection, transport, and storage

Following deposition in the oviduct, sperm are transported to UVJ by a combination of their
intrinsic motility and cilia beat activity [9-10, 22-23]. Within the SST lumen, sperm are either
widely spaced or oriented parallel with their heads toward the distal end of the SST (Figure
4). Sperm are apposed to, but not directly contacting the apical microvilli of the SST epithelial
cells. This spatial relationship may facilitate lipid transfer between the resident sperm and the
SST epithelial cells [24-25]. Interestingly, alkaline phosphatase, known to play a role in lipid
transfer, has been histochemically localized in the apical region of the SST epithelium [26].

The duration of sperm storage in the SSTs is species-dependent. Chickens can store sperm for
up to three weeks, whereas turkeys can maintain sperm for 10 weeks in the SST and still lay a
fertilized ovum [27-28]. This may be related to number of SSTs present in the UVJ; turkeys
have been reported to have 20,000-30,000 SSTs, while chickens have been estimated to have
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only 5,000-13,500 [29-30]. Additionally, after several generations of selection for high fertility,
chicken hens possessed increased numbers of SSTs when compared to non-selected control
hens, suggesting the number of SSTs may be positively correlated with fertility [31]. In contrast,
under commercial conditions, different broiler strains exhibiting different fertility levels
revealed similar numbers of SSTs [29].

Figure 2. The segments of the turkey oviduct with a hard-shelled egg in the uterus are observed. Sperm transferred
into the vagina undergo an intense selection process before reaching the sperm storage tubules (SSTs) localized in the
utero-vaginal junction. Sperm are slowly released from the SSTs and ascend to the infundibulum, the site of fertiliza‐
tion. In this photograph, the vagina is enveloped by connective tissue.
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retain an intact acrosome [20-21]. If fertilized, the first cleavage furrow in the GD appears 7-8
hr post-ovulation, while the egg-mass is in the isthmus.

2.3. Oviductal sperm selection, transport, and storage

Following deposition in the oviduct, sperm are transported to UVJ by a combination of their
intrinsic motility and cilia beat activity [9-10, 22-23]. Within the SST lumen, sperm are either
widely spaced or oriented parallel with their heads toward the distal end of the SST (Figure
4). Sperm are apposed to, but not directly contacting the apical microvilli of the SST epithelial
cells. This spatial relationship may facilitate lipid transfer between the resident sperm and the
SST epithelial cells [24-25]. Interestingly, alkaline phosphatase, known to play a role in lipid
transfer, has been histochemically localized in the apical region of the SST epithelium [26].

The duration of sperm storage in the SSTs is species-dependent. Chickens can store sperm for
up to three weeks, whereas turkeys can maintain sperm for 10 weeks in the SST and still lay a
fertilized ovum [27-28]. This may be related to number of SSTs present in the UVJ; turkeys
have been reported to have 20,000-30,000 SSTs, while chickens have been estimated to have

Success in Artificial Insemination - Quality of Semen and Diagnostics Employed178

only 5,000-13,500 [29-30]. Additionally, after several generations of selection for high fertility,
chicken hens possessed increased numbers of SSTs when compared to non-selected control
hens, suggesting the number of SSTs may be positively correlated with fertility [31]. In contrast,
under commercial conditions, different broiler strains exhibiting different fertility levels
revealed similar numbers of SSTs [29].

Figure 2. The segments of the turkey oviduct with a hard-shelled egg in the uterus are observed. Sperm transferred
into the vagina undergo an intense selection process before reaching the sperm storage tubules (SSTs) localized in the
utero-vaginal junction. Sperm are slowly released from the SSTs and ascend to the infundibulum, the site of fertiliza‐
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Figure 3. Following fixation in neutral-buffered formalin and the removal of the surrounding connective tissue, the
coiled morphology of the turkey vagina is revealed. When inseminating a hen, one should insert the straw with the
semen until resistance is felt, then release the semen as the straw is withdrawn. As observed here the resistance is due
to the coiled vaginal and not an egg mass in the uterus.

Little is known concerning the cellular and molecular mechanisms that sustain sperm within
the SST lumen for prolonged periods of storage. These mechanisms likely involve the rever‐
sible suppression of sperm motility and metabolism, protection and repair of the sperm plasma
membrane, uptake and storage of molecules to sustain sperm metabolism, and maintenance
of the SST lumen by removing by-products of sperm metabolism and degraded sperm [32-33].
It is clear the SSTs generate a discrete environment to maintain sperm viability via the influx
and efflux of compounds critical for sperm survival [25, 34). While ultrastructural analysis has
revealed only limited evidence of secretory activity [25], the identification of membrane-bound
vesicles released from the apical tips of the SST epithelial cell microvilli suggests a role in the
maintenance of resident sperm through lipid transfer [22, 25, 26, 32, 35, 36]. A large proportion
of the sperm plasma membrane is composed of polyunsaturated fatty acids [37] that are highly
susceptible to damage induced by lipid peroxidation [37]. The peroxidation of these fatty acids
results in increased damage to and permeability of the sperm plasma membrane [39, 40]. A
complex system of anti-oxidation enzymes are present in the SST epithelial cells and presum‐
ably interact with luminal sperm to minimize damage due to lipid peroxidation and maintain
sperm membrane integrity [41]. While many metabolites required by sperm in the SSTs have
yet to be identified, increased avidin expression is apparent in SSTs relative to surrounding
UVJ epithelial tissue possibly providing a means of sequestering biotin and other vitamins for
use by the SSTs or resident sperm [42-43]. Interestingly, progesterone has been shown to induce
expression of avidin in the oviduct, providing a potential link between progesterone fluctua‐
tion and sperm storage in and release from the SSTs [42, 44, 45].
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Figure 4. Three views of the turkey’s sperm-storage tubules (SSTs) are observed. The left panel is a stereoscope image
showing the pleomorphic appearance of the SSTs. The length of the SST can be as long as 300μm. In the right panel a
hen was inseminated with sperm stained with Hoechst 33342, a nuclear fluorescent dye, the UVJ mucosa containing
SSTs was isolated, and an unfixed squash preparation was observed by dual interference contrast and fluorescence
microscopy. Sperm with fluorescing nuclei are observed in the two SST lumina. The lower-middle panel shows a histo‐
logical section of a portion of a SST containing sperm (the dense rod-like structures in the lumen are sperm nuclei. The
arrow indicates the transition between the pseudo-stratified columnar ciliated epithelium of the uterovaginal junction
and the simple columnar epithelium of the SST that is characterized in histological preparations by the supra-nuclear
vacuole.

Sperm exit the SSTs in a slow, continuous stream [46-49]; however, a stimulus cuing the egress
of resident sperm from the SSTs has yet to be identified. The observations that receptors for
estrogen and progesterone exist in the SSTs has led to the suggestion that these compounds
may trigger release of resident sperm, possibly in response to hormonal cues over the course
of the ovulatory cycle[50-52]. However, an alternate theory suggests the inherent mobility of
the sperm plays a larger role than hormonal induction in egress of sperm from SSTs [9].
Resident sperm exhibit a slow, synchronized oscillatory movement in the lumen of SSTs,
suggesting the presence of a fluid current through the SST lumen [23-24]. The identification of
water channels, known as aquaporins, in the apical epithelium of SSTs lends credence to a
model wherein motile sperm maintain their residence in the SST lumen by swimming against
the fluid current generated via the aquaporins [53-56]. In the SST lumen, sperm retain their
motility by fatty acid oxidation. It has been suggested the sperm membrane is the source of
this fatty acid and that as the quality of the sperm membrane gradually decreases there is a
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showing the pleomorphic appearance of the SSTs. The length of the SST can be as long as 300μm. In the right panel a
hen was inseminated with sperm stained with Hoechst 33342, a nuclear fluorescent dye, the UVJ mucosa containing
SSTs was isolated, and an unfixed squash preparation was observed by dual interference contrast and fluorescence
microscopy. Sperm with fluorescing nuclei are observed in the two SST lumina. The lower-middle panel shows a histo‐
logical section of a portion of a SST containing sperm (the dense rod-like structures in the lumen are sperm nuclei. The
arrow indicates the transition between the pseudo-stratified columnar ciliated epithelium of the uterovaginal junction
and the simple columnar epithelium of the SST that is characterized in histological preparations by the supra-nuclear
vacuole.

Sperm exit the SSTs in a slow, continuous stream [46-49]; however, a stimulus cuing the egress
of resident sperm from the SSTs has yet to be identified. The observations that receptors for
estrogen and progesterone exist in the SSTs has led to the suggestion that these compounds
may trigger release of resident sperm, possibly in response to hormonal cues over the course
of the ovulatory cycle[50-52]. However, an alternate theory suggests the inherent mobility of
the sperm plays a larger role than hormonal induction in egress of sperm from SSTs [9].
Resident sperm exhibit a slow, synchronized oscillatory movement in the lumen of SSTs,
suggesting the presence of a fluid current through the SST lumen [23-24]. The identification of
water channels, known as aquaporins, in the apical epithelium of SSTs lends credence to a
model wherein motile sperm maintain their residence in the SST lumen by swimming against
the fluid current generated via the aquaporins [53-56]. In the SST lumen, sperm retain their
motility by fatty acid oxidation. It has been suggested the sperm membrane is the source of
this fatty acid and that as the quality of the sperm membrane gradually decreases there is a
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reduction of available ATP and sperm motility decreases [56]. Sperm are then swept out of the
SST lumen into the UVJ, where they encounter various stimuli enhancing their motility. These
sperm are then transported to the infundibulum, the site of fertilization [57]. Such motility-
enhancing factors may include changes in environmental pH and neuroendocrine factors such
as serotonin [58-62]. Further oxidation of sperm fatty acids, possibly sequestered from the
surround milieu, generates the energy required for sperm to respond to such motility-
enhancing factors and transcend the oviduct [9, 22, 55, 63].

Once sperm are deposited in the oviduct, several selection barriers must be overcome prior to
ascending to the infundibulum and fertilizing an ovum. This selection occurs initially in the
vagina: only highly mobile (defined as progressive movement in a viscous medium at 40oC)
sperm traverse the vagina [9]. While sperm mobility is a major factor in sperm selection in the
vagina, sperm selection is also dependent upon the glycoprotein composition of the sperm
plasma membrane. The sperm glycocalyx is highly complex and heavily sialylated and
modification of the glycocalyx results in reduced fertility and failure of the sperm to enter the
SSTs [64-67]. Interestingly, removal of membrane-associated carbohydrates did not affect
sperm entry into SSTs if sperm were inseminated directly into the UVJ or when co-incubated
with UVJ explants, suggesting the glycocalyx plays a central role in sperm transport and
selection through the vagina [64, 66, 68]. Further barriers to sperm prior participating in the
process of fertilization include sperm release from the SST and subsequent transport to the
infundibulum, and their interaction with the ovum (reviewed in [69]).

2.4. Sperm: Ovum interaction and fertilization

Given the voluminous nature of the hen’s ovum and the GD relative to mammalian ova, one
must assume that yet-to-be identified factors “attract” sperm to the GD. Examination of the
electrophoretic profile of the GD and non-GD regions of the PL revealed no variation in pro‐
tein composition [70]. Furthermore, the abrogation of the preferential interaction of sperm
and the inner PL overlying the GD in vitro suggests the factors underlying the preferential
binding of sperm are not necessarily associated with the inner PL [70]. It is clear, however,
glycoproteins play a large role in the interaction between the sperm and ova, even if not di‐
rectly involved in targeting of sperm to the GD in vivo [71]. Pre-treatment of either the PL or
sperm with N-glycanases resulted in significantly decreased sperm-ovum interaction in vitro
[68, 71]. Conversely, N-linked oligosaccharides released from the inner PL by N-glycosidase
treatment could induce the acrosome reaction in sperm in vitro [72]. These findings strongly
suggest N-linked glycans, most likely terminal N-acetyl glucosamine residues, have an es‐
sential role in the sperm-ovum interaction in avian species, specifically in induction of the
acrosome reaction [68, 72].

Interaction between the sperm and inner PL results in induction of the acrosome reaction
[73]. During the acrosome reaction, the inner and outer acrosomal membranes dehisce re‐
sulting in the release of acrosin (a trypsin-like enzyme) [21, 74]. As the result of the acro‐
some reaction, sperm hydrolyze a small hole in the inner PL (Figure 5), enabling sperm to
reach the microvilli-studded surface of the ovum [21, 74]. The capacity of sperm to hydro‐
lyze and penetrate the inner PL is the biological basis for the sperm penetration assay dis‐
cussed below and next section.
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Figure 5. In the left panel, a turkey sperm stained with Hoechst 33342 prior to insemination is observed on the surface
of the inner perivitelline layer (PL). The sperm’s acrosome will release a trypsin like enzyme, acrosin, and digest a hole
through the inner PL. The right panel shows multiple sperm holes (white perforations) in the inner PL overlying the
germinal disc (GD) of a duck ovum (polyspermy is normal in birds). Sperm hole numbers can be used to assess true
fertility and the duration of the fertile period..

Unlike mammals, polyspermy is the norm in avian fertilization. The GD (3.5 mm in diameter)
provides a relatively small target for fertilization in the large megalecithal ova (yolk-filled ova)
of chickens and turkeys (3.5 – 4.0 mm in diameter); thus polyspermy may be an evolutionary
adaptation to ensure higher rates of fertilization in such species [74]. The inner PL may be
penetrated by many sperm, although only one male pronucleus will ultimately fuse (syngamy)
with the female pronucleus to form the nascent embryo (reviewed in [75-77]. A single sperm
hole in the inner PL does not ensure fertilization. Although turkeys show a lower number of
sperm interacting with ova relative to chickens, the presence of three sperm holes in the inner
PL predicts a 50% probability of fertilization, whereas, six sperm holes suggest a probability
greater than 95% fertilization [78]. The outer PL is rapidly depositied around the ovum in the
posterior infundibulum and proximal magnum and is impenetrable by sperm [21, 78-79] thus
preventing pathological polyspermy.

Given the volume of the GD relative to a single sperm, another possible function of polyspermy
may be to activate specific molecular factors in the GD cytoplasm thereby initiating the process
of embryogenesis. Yet, polyspermy also results in the presence of multiple male pronuclei in
the GD. To cope with this potentially harmful scenario, the mature ovum has been found to
have DNase I and II endonuclease activities, both of which will degrade sperm DNA [76]. In
contrast, no such DNase activity has been detected in mammalian ova that engage in mono‐
spermic fertilization, further suggesting the role of these enzymes in the avian embryo is to
protect against detrimental genetic consequences of polyspermy [76].

The number of holes in the inner PL is highly positively correlated with fertility. Correlations
exist between the number of sperm inseminated, the number undergoing the acrosome
reaction at the inner PL [80], and the number of sperm embedded in the outer PL [81]. The
number of sperm holes in the inner PL and the number sperm trapped in the outer PL may be
used to estimate the duration of fertility (‘fertile period’) in hens. While the number of sperm
penetrating the inner PL shows a decreasing logarithmic relationship over time [81-82], a
positive correlation between the total number of sperm penetrating the inner PL and the
number of sperm stored in the SSTs was observed [83]. Given these observations, it should not
be surprising there is also a positive correlation between the number of SSTs containing sperm
and the proportion of sperm that have undergone the acrosome reaction at the inner PL [82].
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reduction of available ATP and sperm motility decreases [56]. Sperm are then swept out of the
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must assume that yet-to-be identified factors “attract” sperm to the GD. Examination of the
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and the inner PL overlying the GD in vitro suggests the factors underlying the preferential
binding of sperm are not necessarily associated with the inner PL [70]. It is clear, however,
glycoproteins play a large role in the interaction between the sperm and ova, even if not di‐
rectly involved in targeting of sperm to the GD in vivo [71]. Pre-treatment of either the PL or
sperm with N-glycanases resulted in significantly decreased sperm-ovum interaction in vitro
[68, 71]. Conversely, N-linked oligosaccharides released from the inner PL by N-glycosidase
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acrosome reaction [68, 72].
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Figure 5. In the left panel, a turkey sperm stained with Hoechst 33342 prior to insemination is observed on the surface
of the inner perivitelline layer (PL). The sperm’s acrosome will release a trypsin like enzyme, acrosin, and digest a hole
through the inner PL. The right panel shows multiple sperm holes (white perforations) in the inner PL overlying the
germinal disc (GD) of a duck ovum (polyspermy is normal in birds). Sperm hole numbers can be used to assess true
fertility and the duration of the fertile period..

Unlike mammals, polyspermy is the norm in avian fertilization. The GD (3.5 mm in diameter)
provides a relatively small target for fertilization in the large megalecithal ova (yolk-filled ova)
of chickens and turkeys (3.5 – 4.0 mm in diameter); thus polyspermy may be an evolutionary
adaptation to ensure higher rates of fertilization in such species [74]. The inner PL may be
penetrated by many sperm, although only one male pronucleus will ultimately fuse (syngamy)
with the female pronucleus to form the nascent embryo (reviewed in [75-77]. A single sperm
hole in the inner PL does not ensure fertilization. Although turkeys show a lower number of
sperm interacting with ova relative to chickens, the presence of three sperm holes in the inner
PL predicts a 50% probability of fertilization, whereas, six sperm holes suggest a probability
greater than 95% fertilization [78]. The outer PL is rapidly depositied around the ovum in the
posterior infundibulum and proximal magnum and is impenetrable by sperm [21, 78-79] thus
preventing pathological polyspermy.

Given the volume of the GD relative to a single sperm, another possible function of polyspermy
may be to activate specific molecular factors in the GD cytoplasm thereby initiating the process
of embryogenesis. Yet, polyspermy also results in the presence of multiple male pronuclei in
the GD. To cope with this potentially harmful scenario, the mature ovum has been found to
have DNase I and II endonuclease activities, both of which will degrade sperm DNA [76]. In
contrast, no such DNase activity has been detected in mammalian ova that engage in mono‐
spermic fertilization, further suggesting the role of these enzymes in the avian embryo is to
protect against detrimental genetic consequences of polyspermy [76].

The number of holes in the inner PL is highly positively correlated with fertility. Correlations
exist between the number of sperm inseminated, the number undergoing the acrosome
reaction at the inner PL [80], and the number of sperm embedded in the outer PL [81]. The
number of sperm holes in the inner PL and the number sperm trapped in the outer PL may be
used to estimate the duration of fertility (‘fertile period’) in hens. While the number of sperm
penetrating the inner PL shows a decreasing logarithmic relationship over time [81-82], a
positive correlation between the total number of sperm penetrating the inner PL and the
number of sperm stored in the SSTs was observed [83]. Given these observations, it should not
be surprising there is also a positive correlation between the number of SSTs containing sperm
and the proportion of sperm that have undergone the acrosome reaction at the inner PL [82].
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3. Techniques in artificial insemination and fertility evaluation in poultry

For non-domestic birds, chapters in Bakst and Long [4], Lake and Stewart [5] and Bakst and
Wishart [6] provide overviews of semen evaluation and AI techniques. Artificial insemination
technology and reproductive biology for ratites were reviewed by Malecki et al. [84].

3.1. Semen collection

Primarily due to the anatomical variation of the phallic region in different birds, semen
collection techniques will vary. In contrast to ratites and water-fowl with an intromittent
phallus, Galliformes (chicken, turkey, and quail) do not have an intermittent organ. Their non-
intromittent organ consists of folds and bulges that make contact with the female’s cloaca at
mating. From an anatomical perspective, there are considerable differences between the non-
intromittent organs of the chicken and turkey (Figure 6). The rooster has a prominent medial
phallic body and relatively small lateral phallic bodies and lymph folds. Conversely, the turkey
tom has no medial phallic body but prominent lateral phallic bodies and lymph folds. Sex
sorting at hatch by cloacal examination is based on the relative differences in size of these
structures between the males and females.

Figure 6. The turkey (left) and chicken (right) cloacae are viewed with the dorsal lips of the cloacae pulled back to
expose each species phallus non-protrudens. Unlike the turkey, the chicken has a central protuberance, the medial
phallic body (MPB) and regressed lateral phallic bodies (LPB) and lymph folds (LF). The turkey phallus non-protrudens
is characterized by dominant LPB and LF and the conspicuous absence of the MPB.

The goal of semen collector is to obtain the maximum volume of clean, high quality semen
with the minimal amount of handling. In chickens and turkeys, the abdominal massage
technique [1, 4] involves massaging the cloacal region to achieve phallic tumescence. This is
followed by a ‘cloacal stroke’, a squeezing of the region surrounding the sides of the cloaca to
express the semen. Little additional semen can be expressed after two cloacal strokes; addi‐
tional cloacal strokes may cause damage to the phallic and cloacal regions and contribute to
semen contamination [85].
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Semen should be pearly white, viscous, and clean. With each male collected, the semen collector
should perform a visual examination of the semen at the time of ejaculation. This is easier with
the turkey because the ejaculate accumulates on the phallus before it is collected by the ‘milker’
(semen collector). Off-color or watery semen, and semen contaminated with blood or fecal/
urates debris should not be used for insemination. Due to the increased volume of transparent
fluid in rooster semen, which is a transudate derived from the phallus at the time of ejaculation,
chicken semen is less viscous and sperm concentration lower than that of turkey semen.

3.2. Sperm concentration

If semen is to be diluted, it is best .to have a known volume of semen diluent (a tissue culture-
like medium formulated to sustain sperm viability) at ambient temperature in the semen
receptacle before collection begins. For routine AI of turkey hens, semen from 10-12 toms are
pooled in a single receptacle, mixing the semen gently after each male is collected. Semen
volume is determined and if the AI dose is based on numbers of sperm (generally 250-350
million sperm per dose) sperm concentration is determined. The most popular techniques for
determining sperm concentration are the packed cell volume (PCV; also referred to as a
spermatocrit) and optical density (OD; photometry).

Determining sperm concentration using PCVs is nearly identical to that of determining blood
hematocrit values. Semen aspirated into micro-hematocrit tubes are centrifuged in a hema‐
tocrit centrifuge until the sperm are tightly packed (10 min); the percentage of packed sperm
cells relative to the original semen volume in the micro-tube is determined. Sperm concentra‐
tion is derived using a conversion factor or standard curve previously derived by comparing
and graphically plotting varying ascending sperm concentrations from hemocytometer counts
to corresponding spermatocrit readings. (See [4] for detailed protocols to determine sperm
concentration and the derivation of standard curves.)

The optical density (OD) is determined using a photometer. The OD of highly diluted semen
is directly proportional to the concentration of sperm, thus providing an indirect estimate of
the sperm concentration. Like the PCV method, sperm concentration is derived using a
conversion factor or previously derived standard curve by comparing and graphically plotting
varying sperm concentrations from hemocytometer counts to corresponding OD readings [4].

The PVC and OD methods are two indirect methods of determining sperm concentration, that
is, the final concentration is calculated from a regression equation or standard curve derived,
in part, from direct sperm counts with a hemocytometer [4]. Briefly, to derive a regression
equation and standard curve, serial dilutions (n=5) covering a wide range of sperm concen‐
trations are prepared and sperm concentrations are determined with a hemocytometer and
the instrument or method that requires the standard curve (at least 4 replicates with 4 different
semen samples). This is a tedious procedure but if reliable and repeatable sperm numbers are
to be inseminated it is best to establish standard curves for each instrument every 12-18 months.
The reason for this is that the rotational speed of different centrifuges and the intensity of a
photometer’s light source may differ as a result of manufacturer’s variation, age of the
instrument, and/or repeated use of the instrument, thereby producing variations in the
respective final readings and subsequent calculations of sperm concentrations.
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Another concern when using any semen evaluation method is variation in the operator’s
techniques. Consistency is the key to repeatable data. The technical staff all must follow the
same standard operating procedures (SOPs). For example, when counting sperm with a
hemocytometer, all individuals in a lab should following the same SOP for how long the sperm
are permitted to settle on the grid and which sperm to count or omit from the count. Also, is
the photometer zeroed with the same buffer? If a procedure calls for an incubation period,
such as in a live-dead stain, are the samples being incubated for the same duration each time
using the same stain concentrations? A lack of consistency in following the SOPs within a
laboratory will lead to unwarranted variation and non-reproducible and inaccurate data.

3.3. Sperm viability

In the context of semen evaluation, reference to ‘viable’ sperm simply implies that such
sperm possess an intact plasmalemma and are assumed to be functional. Plasmalemma in‐
tegrity is frequently determined using either a dead-cell or a live-cell stain alone or simulta‐
neously. The dead-cell stains are excluded by sperm with an intact plasmalemma but stain
dead sperm possessing a permeable plasmalemma. Live-cell stains permeate the intact
sperm plasmalemma and become visible only after reacting with cytosolic enzymes or inter‐
acting with sperm nuclear proteins. Both eosin and propidium iodide are popular dead-cell
stains while calcein AM and SYBR-14 are frequently used live-cell stains (see [86] for extend‐
ed discussion and availability for the live-cell probes). On a commercial breeder farm, the
nigrosin/eosin (N/E) technique is most likely the procedure to be used to determine sperm
viability [4]. Briefly, sperm are stained with N/E and a smear of the stained sperm is made
on a slide (Figure 7). Under a bright field microscope the viable sperm remain pearly white,
while eosin will stain non-viable sperm a pink to magenta color. The nigrosin serves as a
background to enhance differentiation between the non-viable and viable sperm. In contrast
to the N/E technique, a more sophisticated laboratory may use flow cytometry that sorts via‐
ble from non-viable sperm after staining with calcein AM or SYBR-14 and propidium iodide.

 

 

 

 

 

 

 

 

 

Figure 7. The left panel shows a nigrosin eosin preparation of turkey sperm with nearly 100% viable sperm (un‐
stained) white nuclei and midpieces. The sperm head is clearly visible as the white arcing segment; the acrosome and
midpiece are difficult to differentiate from the nucleus. The upper right panel reveals a normal sperm and a second
sperm with an abnormally curved and swollen midpiece. Observed in the lower right panel is a nonviable sperm
stained with eosin throughout the nucleus and midpiece. Barely visible at the anterior end of the nucleus is the un‐
stained, conical shaped acrosome.
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3.4. Sperm motility and mobility

Sperm motility can be progressive (forward direction) or non-progressive (random movement
or oscillations) movement. Generally, progressive motility is determined subjectively at
ambient temperature using a microscope at low magnification (hanging-drop technique) or
objectively using a computer-assisted semen analysis system. These techniques are reviewed
by Bakst and Long [4]. Motility evaluated by microscopy has been shown to have little
correlation with fertility and simply reveals that the sperm are motile. First described by
Froman and McLean [87] and further elaborated for commercial use by Froman [88], the sperm
mobility assay has gained popularity as a measure of an individual male’s ability to produce
highly mobile sperm [mobility defines the ability of sperm to move progressively against a
viscous medium (Accudenz) at 41°C] that are more likely to fertilize an ovum than males
producing less mobile sperm. While the sperm mobility assay is a powerful tool for the
selection of the most fecund males to be used in AI, it necessitates attention to details and
accurate and consistent preparation of the reagents.

3.5. Evaluation of fertility

The measure of a successful AI program is sustained hen fertility. While candling-fertility is
useful, there is an eight or more day lag between the last AI and candling-fertility determina‐
tion, which overlaps with the next insemination (hen insemination is generally at 7-day
intervals). With AI programs, it is often desirable to determine the fertility status of a flock
before the next weekly insemination. There are several options available: breaking-out fresh
eggs and examining the GD to differentiate a fertilized from an unfertilized or early dead
embryo; setting normal but culled eggs (checked, hairline cracked, or dirty eggs) in a spare
incubator for 24-36 hr before breaking-out [89]; counting sperm in the outer PL; and counting
sperm holes in the inner PL. The above procedures are reviewed in Bakst and Long [4].

As noted previously, the sperm penetration assay is not only used to determine true fertility,
but also to estimate the number of sperm residing in the use SSTs at the time of ovulation [90].
The isolation of the inner PL and staining procedure, initially developed for chicken eggs by
Bramwell et al. [91], was quickly adapted to turkey eggs by Donoghue [92]. The major
drawback to the sperm penetration assay as originally described is that it is time consuming,
particularly with respect to isolating, washing, and positioning the PL wrinkle-free on the slide.
Spasojevic [10] and colleagues at Willmar Poultry Company (Willmar, MN) significantly
increased the efficiency of preparing the PL slides from turkey eggs in the following manner:
the albumen is removed from the ovum as in the original procedure [4]; a square is outlined
on a slide using super glue; the slide is placed firmly on the ovum’s surface with the GD
centered in the square; after the glue is set, the PL is cut and washed to remove adhering yolk.
The advantages here are speed and the PL remains wrinkle free.

A different modification of the sperm penetration assay was suggested by I.A. Malecki
(personal communication) and entails placing a filter ring over the GD (inside diameter slightly
larger than the GD), cutting around the outside diameter of the filter ring (about 2 mm between
the inside and outside perimeter of the ring), and lifting the filter ring off the ovum. The filter
ring with the adhering PL is washed gently with saline to remove the yolk and GD material
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Figure 7. The left panel shows a nigrosin eosin preparation of turkey sperm with nearly 100% viable sperm (un‐
stained) white nuclei and midpieces. The sperm head is clearly visible as the white arcing segment; the acrosome and
midpiece are difficult to differentiate from the nucleus. The upper right panel reveals a normal sperm and a second
sperm with an abnormally curved and swollen midpiece. Observed in the lower right panel is a nonviable sperm
stained with eosin throughout the nucleus and midpiece. Barely visible at the anterior end of the nucleus is the un‐
stained, conical shaped acrosome.
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until transparent, placed on a slide, and then fixed and stained with saline washes after each
step. Our laboratory has used the filter ring technique with eggs from broilers, turkeys, ducks,
and quail and it is now our preferred method for the performing the sperm penetration assay.

4. Conclusion

Artificial insemination is a common practice in the poultry industry with the turkey industry
in North America and Europe using it almost exclusively for the production of hatching eggs.
The broiler industry has not adapted AI for several reasons: because of sheer numbers of broiler
breeders that need to be inseminated weekly, the labor cost would be very significantly; the
initial investment in special housing for the males; an efficient, cost effective means of actually
performing the inseminations (housing and catching the hens) would need to be developed;
and finally, the concern that after a few generations of breeding broilers by AI, the behaviors
associated with natural mating may be less dominant. Notwithstanding these concerns, the
benefits of AI for broilers would include the following: the male:female ratio would be increase
from 1:10 for natural mating to 1:25 with AI; with fewer males needed, there would be greater
selection pressure on the male traits of economic importance and subsequently greater genetic
advancement per generation; biosecurity concerns associated with “spiking” aging hen flocks
with new and/or younger males to augment mating frequency and fertility would be elimi‐
nated; and, differences in body conformation between males and females that impact semen
transfer at mating would no longer be a consideration.

In 1995, Sir Peter Lake wrote an excellent review of the history of AI, its impact on the poultry
industry, and what is needed to advance the practice of AI with poultry [93]. Unfortunately,
AI technology has not advanced significant since this review article. More than 15 years later,
the only significant advance is in the evaluation of sperm mobility and the impact that males
producing highly mobile sperm have on paternity [9]. Notwithstanding, it is foreseeable that
sometime in the future, research addressing poultry sperm biology and the cellular and
molecular basis of oviductal sperm transport, selection, and storage will lead to the following
innovations in AI technology: insemination intervals increased to 10-14 days (versus 7-day)
with fewer sperm per insemination; in vitro sperm storage for 24-36 hr at ambient temperature
with minimal loss of sperm viability; and, the possibility of transgenic progeny following the
insemination of sperm carrying transgenes.
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until transparent, placed on a slide, and then fixed and stained with saline washes after each
step. Our laboratory has used the filter ring technique with eggs from broilers, turkeys, ducks,
and quail and it is now our preferred method for the performing the sperm penetration assay.

4. Conclusion

Artificial insemination is a common practice in the poultry industry with the turkey industry
in North America and Europe using it almost exclusively for the production of hatching eggs.
The broiler industry has not adapted AI for several reasons: because of sheer numbers of broiler
breeders that need to be inseminated weekly, the labor cost would be very significantly; the
initial investment in special housing for the males; an efficient, cost effective means of actually
performing the inseminations (housing and catching the hens) would need to be developed;
and finally, the concern that after a few generations of breeding broilers by AI, the behaviors
associated with natural mating may be less dominant. Notwithstanding these concerns, the
benefits of AI for broilers would include the following: the male:female ratio would be increase
from 1:10 for natural mating to 1:25 with AI; with fewer males needed, there would be greater
selection pressure on the male traits of economic importance and subsequently greater genetic
advancement per generation; biosecurity concerns associated with “spiking” aging hen flocks
with new and/or younger males to augment mating frequency and fertility would be elimi‐
nated; and, differences in body conformation between males and females that impact semen
transfer at mating would no longer be a consideration.

In 1995, Sir Peter Lake wrote an excellent review of the history of AI, its impact on the poultry
industry, and what is needed to advance the practice of AI with poultry [93]. Unfortunately,
AI technology has not advanced significant since this review article. More than 15 years later,
the only significant advance is in the evaluation of sperm mobility and the impact that males
producing highly mobile sperm have on paternity [9]. Notwithstanding, it is foreseeable that
sometime in the future, research addressing poultry sperm biology and the cellular and
molecular basis of oviductal sperm transport, selection, and storage will lead to the following
innovations in AI technology: insemination intervals increased to 10-14 days (versus 7-day)
with fewer sperm per insemination; in vitro sperm storage for 24-36 hr at ambient temperature
with minimal loss of sperm viability; and, the possibility of transgenic progeny following the
insemination of sperm carrying transgenes.
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