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CHAPTER 1 

LITERATURE REVIEW 

Search for fertility factors 

The production of competent spermatozoa and oocytes for the fertilization 

process is vital for the production of a viable zygote. This ability to produce a 

viable zygote in order to generate or produce offspring is indicative of an 

individual�s fertility. For male mammals, a number of factors may influence 

reproductive capability including nutrition, age, health, season, sexual behavior, 

or breed. Abnormal sperm morphology is historically associated with infertility, 

but other factors, particularly at the cellular level, also exist that can affect 

mammalian fertility. Ultimately, there are numerous physiological and 

biochemical events that need to occur before fertilization can occur including: 

capacitation, hyperactivation of sperm motility, the acrosome reaction, zona 

pelucida penetration, binding to the ovum membrane, and the formation of the 

male pronucleus. Problems with any of these events may lead to infertility. 

Spermatozoa undergo many maturational changes after spermiogenesis in the 

seminiferous tubules in order to be capable of fertilizing an oocyte [1, 2]. As the 

immotile spermatozoa are transferred into the epididymus, they become motile in 

an androgen independent process [2, 3]. The cells undergo membrane 

modifications that enable the cells to become capable of fertilization, including 

macromolecule redistribution or addition, posttranslational modifications in 

membrane proteins, cross-linking, and sloughing of the cytoplasmic droplet [3]. 

 



 

2 

 

Epididymal fluid contains many proteins that may play a role in sperm 

maturation, and some of these have been or could be used as objective assays for 

fertility [4]. Fertilization ultimately requires the production of a sufficient number 

of mature and motile spermatozoa that are capable of undergoing hyperactivation, 

capacitation and the acrosome reaction to bind and penetrate the zona pellucida of 

the oocyte.  

After ejaculation, spermatozoa must undergo capacitation and the 

acrosome reaction in order to be capable of fertilization. Capacitation occurs 

spontaneously in a simple defined medium indicating an autocrine mediator may 

be functioning [5]. The process of capacitation involves a series of complex 

cellular events and the removal of cholesterol from the sperm plasma membranes 

that ultimately enable spermatozoa to fertilize oocytes [5]. Capacitation processes 

ultimately induce hyperactive motility. Progressively motile sperm at the time of 

ejaculation display a symmetrical wave form of lower intensity than sperm that 

have become hyperactive or are transitioning to hyperactive motility (Figure 1). 

Ideally, progressively motile spermatozoa will move in a linear fashion, whereas 

hyperactive sperm, usually found at the site of fertilization, show asymmetrical 

wave forms of higher intensities that result in circular or figure-eight trajectories 

[6]. An increase in calcium influx probably causes the hyperactive motility [7] 

that is correlated with the ability for fertilization to occur [3, 8]. Once cells 

become capacitated, the cells are then capable of undergoing the acrosome 

reaction. At this time, a massive influx in calcium ions being pumped into the 

cells causes an increase in intracellular sodium ions. Increased intracellular 
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sodium causes a hydrogen ion efflux that occurs just prior to the degradation of 

the acrosomal cap and subsequent release of enzymes, including hyaluronidase 

and acrosin [3].  

Defects that prevent sperm maturational events from occurring may lead 

to infertility. Morphological defects, pre- or post-ejaculation, leading to infertility 

can be visually observed [9]. Concentrations of cellular factors that are associated 

with fertility, such as platelet-activating factor (PAF), and its receptor (PAFr), and 

ubiquitin (UBI), may be measured. High levels of PAF in boar sperm was 

associated with high farrowing rates and high numbers of live born piglets per 

litter [10], and the PAF levels in human spermatozoa are inversely correlated with 

normal morphology [11]. In bulls, the PAF content of sperm is positively 

correlated with fertility [12]. Ubiquitin is believed to be a marker of defective 

spermatozoa and can be used as a marker for infertility [13]. The ability to 

measure the fertility of an animal is of particular interest to producers for 

economic and practical reasons [14]. The earlier producers can discern the fertility 

of a young bull or boar, the earlier they can cull less desirable animals and 

minimize financial losses.  
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Figure 1: Spermatozoa motility patterns. (A) forwardly 
progressive, (B) hyperactive, and (C) transitional motility between 
progressive and hyperactive motility  

 

 

 

Bull and Boar Fertility 

The use of a sub-fertile bull during a breeding season can have a large 

impact on herd productivity by increasing calving intervals and costs associated 

with maintaining non-pregnant cows. The traditional method for evaluating a 

bull�s breeding potential is the breeding soundness evaluation (BSE) defined by 

the Society for Theriogenology in 1993 [15]. The BSE can be used to predict a 

bull�s breeding potential by identifying individuals that do not meet the minimum 

requirements for three basic criteria: scrotal circumference, sperm motility, and 

sperm morphology (Table 1).   
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Table 1. Minimum Recommended Scrotal Circumference, 

Morphology and Motility for Bull Soundness Examinations 
______________________________________________________ 

Parameter               Threshold 
______________________________________________________ 

Scrotal Circumference     30 cm at ≤ 15 mo  

         31 cm at > 15 ≤18 mo 

         32 cm at > 18 ≤ 21 mo 

         33 cm at > 21 ≤ 24 mo 

         34 cm at > 24 mo 

Sperm Morphology  ≥ 70% normal sperm 

Sperm Motility  ≥ 30% individual motility 
______________________________________________________ 
Adapted from the Breeding Soundness Evaluation Form,  
Society for Theriogenology, Hastings, NE [15] 

 

Each bull is first subjected to a physical exam to ensure that there are no 

injuries or deformities that would impede breeding. Scrotal circumferences are 

then measured, and semen samples are collected, generally via electroejaculation, 

for microscopic analysis. Scrotal circumference is highly correlated to age at 

puberty, sperm motility, seminal quality, and sperm production [16, 17], but it can 

be influenced by breed, nutrition and environment [18, 19, 20, 21, 22, 23, 24]. An 

extensive review of the phenotypic and genotypic factors associated with BSE 

values can be found elsewhere [25]. These guidelines include adjustments for age 

ensuring that yearling bulls will not be excluded unnecessarily. Between 11 and 

15 months of age, spermatozoa maturation increases significantly from 20 to 61% 

[26]. The total number of morphologically abnormal spermatozoa is grouped 

together for this evaluation. Acceptable motility is based on the number of 

progressively motile spermatozoa rather than its gross motility. By 18 months, 
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most bulls are capable of being able to deliver sperm to the female reproductive 

tract [27].  

The BSE has received criticism because of its subjectivity [28]. The 

microscopic analysis results in particular can easily vary depending on the 

technician that performs the analysis [29, 30]. Recent developments in computer 

diagnostics may allow for a more objective determination of seminal 

characteristics and offer increased reliability and better documentation of sample 

analysis [31].  

The last 10-15 years has seen a dramatic increase in the amount of 

artificial insemination (AI) within the pork industry and a subsequent desire for 

better semen extension technology [32, 33, 34]. It is now estimated that AI 

produces more than 60% of swine in the United States [35]. With a higher 

reliance on commercial semen producers, there is a higher demand for high 

quality semen and an increasing need for identifying boars with high fertility that 

also have the characteristics desired by producers, such as fecundity, growth rates 

or carcass qualities. The use of AI allows for better health management and 

manipulation of genetics within the swine industry since semen can be purchased 

from numerous suppliers off-site without the need to bring new boars onto the 

farm. The evaluation of fertility in boars does not utilize all the same features of 

the BSE, but it typically includes the evaluation of sperm motility, morphology, 

concentration, acrosomal integrity and viability [36, 37]. As the boars are used for 

breeding, information on farrowing rates and litter sizes are maintained to further 

assess fertility in vivo. Genetics have not been used predominantly as a factor in 
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determining fertility, but may become more of a factor in the future. Oh indicates 

that some desirable traits, such as average daily gain, back fat thickness and 

muscle depth, do have high levels of heritability [38]. It is possible that current 

boar selection practices, predominantly based on reproductive performance and 

carcass characteristics, may be having some detrimental effect on fertility [38]. It 

is well known that over emphasis on selection for lean muscle mass has a negative 

effect on fertility and general survival of pigs in extreme cases, i.e. porcine stress 

syndrome (PSS). 

The concentration and quality of semen used for AI will influence litter 

sizes [39], but about 3-4 billion live sperm per insemination are typically 

recommended for acceptable fertility [40]. Commercial purveyors check sperm 

concentration of each ejaculate to ensure that each AI dose provides an adequate 

concentration. Quality of the semen samples may also influence what 

concentration will be most acceptable. Morphology can be a valuable tool in 

assessing quality. The proportion of cells with normal morphology accounted for 

more than 50% of the variance in litter sizes in one study [41]. Motility is still the 

predominant selection tool for boars, but other tests can be used including 

fluorescent stains and the hypo-osmotic swelling test [42]. Similar to bulls, there 

can be breed, seasonal and nutritional effects [43, 44, 45, 46, 47] on boar semen 

characteristics, including sperm motility parameters [33, 48, 49]. Motility has 

been correlated with non-return rates in pigs [50] and cows [51], but others did 

not see this association [52]. The change in sperm velocity in the first 2 h of 

incubation in extender was a consistent indicator of fertility in pigs [53].  
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Platelet-Activating Factor 

Biochemistry of PAF 

Platelet-activating factor (1-O-alkyl-2-acetyl-SN-glycero-3-

phosphocholine), was discovered in 1972 as a mediator of rabbit platelet 

aggregation when basophils are stimulated by immunoglobulin E [54] (Figure 2). 

PAF is an acetylated glycerophospholipid that plays significant roles in many 

physiological processes, including reproduction and development [55, 56], and it 

has been detected in many tissue types, as reviewed elsewhere [57]. PAF in 

spermatozoa was first measured in rabbit spermatozoa [58], and was later detected 

in spermatozoa of mouse, human, cattle, squirrel monkey, rhesus monkey, 

baboon, and in the pig [59, 60, 61, 62, 63, 64, 65, 66, 67, 68]. PAF is detectable 

only within the sperm cells and not the seminal fluids [60, 55] despite the fact that 

human spermatozoa have been shown to produce and release PAF extracellularly 

[69]. One reason PAF might not be detectable in seminal fluids may be the 

presence of PAF-acetylhydrolase (PAF-AH) that reconverts PAF to its 

biologically inactive precursor from the remodeling pathway, lysoPAF [66, 70]. 

PAF has also been found in uterine tissues [71, 72, 73].  
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Figure 2. Molecular structure of platelet-activating factor 
(1-O-alkyl-2-acetyl-SN-glycero-3-phosphocholine) [57] 

 
There are two metabolic pathways through which PAF may be produced: 

the membrane remodeling pathway and the de novo pathway. In the remodeling 

pathway, phopholipase A2 is activated via protein kinase C to catalyze the 

hydrolysis of the sn-2 fatty acyl residue from the alkyl choline phosphoglyceride 

[74]. From the precursor molecule, alkyl-acyl-glycerophosphocholine, an 

intermediate molecule, 1-O-alkyl-sn-glycero-3-phosphocholine (lyso-PAF) and a 

free fatty acid are produced (Figure 3). Lyso-PAF acetyltransferase, activated via 

phosphorylation, catalyzes the conversion of lyso-PAF to PAF by the addition of 

an acetate. In the de novo pathway, an inert cell membrane component, acyl-

dihydroxyacetonephosphate (acyl-DHAP), is used to synthesize 1-O-alkyl-2-lyso-

SN-glycero-3-phosphate (AGP). PAF is formed from AGP via acetylation and 

dephosporylation followed by the addition of a phosphocholine.  
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Figure 3. Platelet-activating factor synthesis via the membrane remodeling 
pathway [75] 

 

Different forms of PAF can be produced that differ in the structure of the 

alkyl side chain, but sperm cells typically contain PAF with a C16:0 side-chain 

structure [62, 76]. Generally the activation of the remodeling pathway is 

responsible for patho-physiological reactions, and the de novo pathway produces 

the basal level of PAF required for basic cellular function [77].  
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PAF and cell signaling 

Different cell types including basophils, polymorphonuclear neutrophils, 

monocytes, macrophages, and endothelial cells in culture, produce PAF that is 

secreted [78]. The amount that is secreted or retained in the cell varies with cell 

type and environmental conditions. Up to 90% of newly synthesized PAF is 

retained by neutrophils suggesting that PAF may also act as an intracellular 

messenger [79]. It is one member of a family of acetylated glycerophospholipids 

that is capable of acting within a variety of cell types including cell types within 

the reproductive tract. Biochemically, PAF, as an intact phospholipid, interacts 

with its G�protein mediated receptor on the target cell. Specific receptors for PAF 

(PAFr) have been reported in many tissues including the cell membranes of 

platelets and neutrophils [80], in the brain, lungs, kidneys and the spleen [81] as 

well as in spermatozoa [12, 82, 83]. The PAFr sequences in porcine and bovine 

DNA are highly homologous (89%) and display transmembrane predictions 

characteristic of G protein-coupled receptors [84]. The PAFr has seven 

transmembrane segments with possible phosphorylation sites on the cytoplasmic 

tail [85] characteristic of other G protein-coupled receptors. Activation of PAFr 

activates phosphatidylinositol-specific phospholipase C which results in increased 

intracellular calcium and diacylglycerol levels, activation of protein kinase C, and 

the phosphorylation of target proteins [86]. Specifically, binding of PAF to PAFr 

activates phospholipase C, which in turn initiates the phosphoinositide cascade 

leading to the production of two messengers: inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG)(Figure 4). The IP3 activation results in the release of Ca2+ 
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from an unidentified storage site [87], which acts as an intracellular messenger in 

many signal-transducing mechanisms including the regulation of muscular 

contractions. The calcium mobilization is necessary for hyperactivation of sperm 

motility during the capacitation process. The DAG activates protein kinase C 

which phosphorylates target proteins, including receptors, kinases or transcription 

factors, in order to activate them and initiate cellular responses. Protein tyrosine 

phosphorylation is linked to PAF treatment and is involved in motility, 

capacitation, and the acrosome reaction [88].  

 

 

 

Figure 4. Proposed mechanism of PAF action. Intracellular signaling events 
coupled to PAFr that lead to cellular responses and protein phosphorylation 
events (simplified figure from [75])  
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PAF in reproduction 

 PAF plays a role in many aspects of reproduction in both the female and 

male systems. In the female, PAF plays a role during fertilization [89, 90, 91, 92] 

implantation [93] and parturition [94]. The role that PAF plays in the various 

aspects of reproduction is summarized elsewhere [55, 67]. Despite the tight 

regulation of PAF synthesis, distribution, and degradation, PAF plays an integral 

part in reproductive success. 

A large number of events need to occur in order for immature spermatozoa 

to mature appropriately and be able to accomplish fertilization. It is unclear what 

role, if any, PAF plays during the early stages of spermatogenesis, but the 

disruption of the genes for the catalytic components of PAF-AH does impair 

spermiation [95]. This indicates that PAF presence, when normal PAF-AH 

activity is absent, during spermiation is detrimental to developing cells. After 

spermiation, exogenous PAF does not seem to naturally play a part in 

maturational processes during normal transport through the excurrent duct system 

of the male. Cellular maturation seems to be a primarily androgen-dependent 

process. Lack of PAF involvement in the maturation phase may be due to the high 

level of PAF-AH in the seminal plasma [96, 97]. In seminal plasma, PAF-AH acts 

as decapacitation factor, and its removal increases PAF release from the sperm 

and increases motility, capacitation and fertilization [75]. Once PAF-AH enters 

the vagina, it is inactivated by vaginal pH. Its detachment from sperm during 

migration to the site of fertilization allowed improvement of sperm motility and 
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migration to the site of fertilization [98] and helped fertilization by enhancing 

sperm capacitation.  

A release of PAF from sperm cells is followed by PAFr expression on the 

spermatozoa�s surface [99]. Activation of the PAFr initiates the IP3/DAG 

pathway associated with many signaling events. PAF concentrations are 

positively correlated with motility in human [100, 101]; bull [83, 102]; and 

squirrel monkey spermatozoa [103]. The role of PAF is further demonstrated by 

increases in motility [47, 104, 105, 106] and in hyperactivation of spermatozoa 

when treated with exogenous PAF [107]. PAF produced by the sperm cells has 

been shown to be an important activator of sperm motility by some [101, 104, 

106, 108, 109]; however others have not seen this benefit [110, 111]. Treatment 

with PAF has also been shown to induce sperm capacitation [112] and acrosome 

reaction [47, 101, 111, 113]. This indicates that PAF acts as an autocrine 

mediator, especially with respect to the capacitation process [99]. Non-motile 

sperm have altered PAFr mRNA expression levels and abnormal PAFr mRNA 

sequences [114]. The ability of PAF and its receptor activation to influence 

motility, capacitation and acrosome reactions has been observed, and it is clearly 

an important component in sperm maturation and function. Without PAF, it is 

likely that these processes would be affected and lead to problems with fertility. 

Even at the point of fertilization, PAF content in capacitated-induced human 

sperm is positively associated with fertilization potential [115]. 

Progesterone, which is present in the female reproductive tract, stimulates 

release of PAF from spermatozoa [116]. PAF-treated spermatozoa produce higher 
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rates of oocyte fertilization [47, 89, 90, 117], increased development rates to the 

blastocyst stage [117], and produce higher rates of embryo implantation than 

untreated spermatozoa [118]. All mammalian embryos studied to date produce 

and release PAF to stimulate numerous responses [119], and they can express 

PAFr [120]. If the embryo is cultured with PAF antibodies, there is an observable 

decrease in embryo development [91] which is reversed by adding PAF [92]. 

Exogenous PAF stimulates cell proliferation in embryos [121], increases mitotic 

rates of blastocysts cultured in vitro [122] and increase birth rates, although 

possibly with compromised birth weights [123]. Lyso-PAF and PAFr antagonists 

can completely remove any exogenous PAF-benefits in lactate and glucose 

utilization by embryos indicating that PAF plays a role in oxidative metabolism 

[124]. Thus PAF must also be an autocrine mediator for embryos in addition to 

spermatozoa. Most research involving PAF and its role in reproduction indicates 

that PAF plays a very significant role in successful fertilization and embryo 

development. There is no concrete evidence as of yet whether the lack of PAF 

would completely eliminate reproductive success, but lack of PAF could certainly 

be detrimental to embryo growth and development. The ability of PAF-treated 

sperm to produce higher fertilization rates and enhance embryo development 

should encourage breeders to consider the advantages of adding PAF to semen 

prior to AI. 

PAF must also be involved in implantation as implantation will not occur 

in the presence of PAF antagonists [93]. Additionally, embryonic PAF production 

increases during pre-implantation, but quickly returns to earlier levels by the 
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attachment phase suggesting a vital role in implantation [72]. The amount of PAF 

in human sperm is positively correlated with implantation rates [100]. Following 

implantation, fetal PAF is inactivated by PAF-AH before it reaches the maternal 

tissues until the maternal tissues experience a drop in PAF-AH levels just prior to 

parturition. Synthetic PAF induced secretion of PGE2 from the endometrium 

during the secretory phase [125]. It also causes a dose-dependent increase in 

PGE2 rather than PGF2a [126]. Progesterone enhances PAF synthesis in 

endometrial tissue, but E2 did not affect production. Both PGE2 and PAF are 

stimulators of vascular permeability [125] and increase extra-cellular fluid 

volume and vasodilation [116] to enhance implantation.  

Ubiquitin 

Proteins and other cellular components must be degraded as the cell cycle 

proceeds; therefore, these components must be labeled in such a fashion that the 

cell can recognize that the molecule is targeted for degradation by the proteasome. 

Ubiquitin is recognized as being that marker. It is a 76-amino acid residue protein 

common to all eukaryotic cells that can exist in its free form or covalently liked to 

proteins [127].  

In typical protein degradation, targeted proteins will be labeled via 

covalent ligation to a ubiquitin molecule. There are three basic steps in the 

ligation process [128]. First, an activating enzyme (E1) activates the C-terminal 

Gly residue of the ubiquitin molecule in an ATP-dependent step. Then the 

activated ubiquitin is transferred to its carrier protein, E2. A third enzyme, E3, 

catalyzes the addition of the ubiquitin molecule to the target protein by linking the 
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ubiquitin C-terminus to a Lys residue of the target. Additional ubiquitin molecules 

may be added in a chain-like fashion catalyzed by other E2s and E3s. (Figure 5) 

The selectivity of the reaction is dependent on the type of E3 that is used 

indicating that there are numerous ubiquitin-conjugating pathways in eukaryotes.  

Most proteins labeled by ubiquitin will be completely degraded in the 

proteasome, but other ubiquitinated proteins may be targeted for the lysosome 

[129]. Ubiquitination may have other roles (reviewed in [130, 131]), such as 

endocytic internalization [132], intranuclear trafficking or activating 

phosphorylation [129], and participating in fertilization and gametogenesis [133]. 

Ubiquitination can help regulate enzyme function by effectively targeting them 

for removal. Ubiquitination of growth factors and of the related tyrosine kinases 

helps control cellular survival, proliferation and migration. Marking and removing 

membrane proteins help regulate extracellular signaling mechanisms, and 

ubiquitin helps direct some cell-surface protein internalization for vacuolar 

degradation [132]. In some cases, ubiquitination assists with ligand-induced 

endocytosis. The attachment of ubiquitin allows for recruitment of some 

ubiquitinated molecules to the clathrin coated pits and eventual movement to a 

lysosome for degradation. Some cell surface receptors that are ubiquitinated and 

internalized are not recognized by the proteasome but are routed directly to a  
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Figure 5. The addition of ubiquitin to a target protein. (A) Activation of 
ubiquitin by E1 powered by ATP, (B) removal of E1 and transfer of 
ubiquitin to E2, (C) attachment of single ubiquitin to target protein in an 
enzyme-catalyzed (E3) reaction. (D) repetition of steps to produce 
polyubiquitinated molecule (from [128]) 
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lysosome instead. Ubiquitin plays a role in promoting the degradation of proteins 

throughout the cell where it acts as a regulatory device within the cell to control 

enzymatic activity, receptor activity, and the activity of various signaling 

molecules. Many of the details for the pathways leading from ubiquitination to 

degradation are still not known, but more details are being understood with the 

completion of new experiments. Defects disrupting the ubiquitin-proteasome 

system can have drastic repercussions and may play a role in cancer formation if 

cellular growth begins to occur unchecked [128].  

With respect to reproduction, the ubiquitination process is involved 

extracellularly as well as being involved in the normal intracellular events 

(reviewed in [133]). Defective spermatozoa are surface ubiquitinated, presumably 

by ubiquitin produced by the epididymal endothelial cells, as they pass through 

the epididymus and appear to be physically removed from the lumen as they 

progress through it [13, 134]. The epithelial cells seem capable of phagocytosing 

the marked cells thus providing an internal mechanism for quality control that 

could also be used as a diagnostic tool [135]. If the quantity of defective 

spermatozoa is high, then the rate of phagocytosis will not be able to remove all 

of the marked cells from the lumen. In addition, as sperm cells mature, they 

slough off the excess cytoplasm. Some immature cells in an ejaculate will have 

cytoplasmic droplets which show high levels of ubiquitination [136]. These 

defective cells, whether from developmental problems or immaturity, can be 

detected in the ejaculate via immunolabelling techniques. Ubiquitination can be a 

marker of sperm quality and infertility in men, bulls and stallions [134, 137, 138]. 
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In stallions, the level of ubiquitination increased in the nonbreeding season. 

Ubiquitinated sperm are presumed to be defective even if they appear visually 

sound. High levels of defective sperm result in reduced fertility, so having an 

assay system such as the level of ubiquitination could be very useful for 

monitoring quality. For example, a negative relationship was demonstated 

between ubiquitination and the total number born in pig litters [139]. 

Extracellular ubiquitination also seems to play a role in degrading the 

vitelline coat of the egg during sperm penetration [133]. Once fertilization occurs, 

the cellular contents of the two germ cells merge. Mitochondria in the embryo are 

known to follow maternal inheritance, so the paternal mitochondria must 

somehow be removed. Intracellular ubiquitination of the paternal mitochondrial 

DNA targets the mitochondria for degradation by the proteasome [140]. The rapid 

cellular growth and apoptosis of unneeded cells during embryo development 

probably requires a significant amount of ubiquitination for proper cellular 

control. Again, defects in the ubiquitin-proteasome system would likely lead to 

drastic effects in the developing fetus, possibly even leading to death. 

 

Computer-assisted semen analysis 

The standard method of estimating semen motility is via visual estimation 

with a light microscope. This is an economically cheap and quick method of 

estimating motility, but the accuracy of the measurements will depend on the 

subjective (visual) estimation by the individuals [14]. Variation in morphology 

and motility measurements, both intra- and inter- technician variability, can be 
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found in several studies [29, 141, 142]. The need for more objective means of 

measuring motility, such as automated analysis, has gradually evolved for use in 

human semen analysis laboratories and, less predominantly, in veterinary semen 

analysis laboratories (reviewed in [143]). Computer-assisted semen analysis 

(CASA) uses defined settings that, when technicians are sufficiently trained and 

sample handling is uniform, can produce more uniform measures and provide 

better documentation for samples [144]. A comparison between manual and 

CASA motility and sperm count estimates indicated that the manual method was 

less reproducible than the CASA systems [145], and manual estimates can differ 

from CASA estimates for motility [146]. Even when different systems are used, 

there appears to be more �within system� variation than �between system� 

variation. There can even be differences between machines from the same 

manufacturer set with the same analysis parameters [147]. Both of these last two 

points indicate that there should be an emphasis on sample handling when using 

any CASA system [31] and care should be taken when interpreting the results 

when only one machine is utilized.  

Computer-assisted semen analyzers, such as the Hamilton-Thorne 

Integrated Optical Visual System (IVOS) and the Minitube SPERMVISION (SV), 

use stroboscopic optics to illuminate the sperm cells with a series of light flashes 

at a particular rate, typically 60 Hz, over a period of time. The digitized images 

are used for analysis. The computer can determine the number of picture elements 

(pixels) the sperm head covers and how the images change over the time between 

illuminations. The brightest point of the sperm head, typically the center of the 
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head, is used as a point of reference. The sperm head positions between frames 

are connected with straight lines to form the trajectory. Once the trajectories are 

formed (Figure 6), the various kinematic measurements, defined in Table 2 and 

visually represented in Figure 7, and even basic morphology can be determined 

based on a software-specific algorithm. 

 

 

 

 

 

 

 
Figure 6. Construction of a spermatozoan motion trajectory by CASA. The 
spermatozoan moves from position 1 through 4 over a period of time. The 
track between positions is drawn connecting the center of the head 
positions. The maximum spatial displacement, calculated from a program-
determined maximum velocity, is used to define a circle of maximum 
likelihood of movement. Provided the head position is within this circle of 
maximum likelihood, the entire trajectory can be constructed. 
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Table 2. Definitions of Kinematic Measurements 
Symbol Kinematic Parameter Definition Units 

VSL Straight-line velocity Time-average velocity of the sperm 
head along a straight line from its first 

position to its last position 

µm/s 

VCL Curvilinear velocity Time-average velocity of the sperm 
head along its actual trajectory 

µm/s 

VAP Average path velocity Time-average velocity of the sperm 
head along its average trajectory 

µm/s 

BCF Beat cross frequency Time-average rate at which the actual 
sperm trajectory crosses the average 

path trajectory 

Hz 

STR Straightness Straightness of the average path 
(VSL/VAP) 

% 

LIN Linearity Linearity of the curvilinear trajectory 
(VSL/VCL) 

% 

ALH Amplitude of lateral 
head displacement 

Amplitude of variations of the actual 
sperm head trajectory about its 

average trajectory 

µm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Diagram of kinematic measurements. (Modified from [148]) 
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The use of technical equipment introduces sources of error that need to be 

monitored. Sample differences will exist. Factors that will influence cell motility 

include: the sample temperature, the slide type and chamber depth, detrimental 

contaminants in the glue used to construct some slides, the diluent or extender 

used, and the time between collection and analysis [143]. The goal of a 

computerized estimation of motility is to produce a more objective estimate than 

could be determined manually. Researchers found that computer estimates of 

human spermatozoa motility tended to be lower than manual estimates [149, 150]. 

The computer requires a minimum progressive velocity to be considered motile 

[149]. Manual estimates may be higher because technicians could consider a cell 

motile if the flagellum is moving, regardless of progressive motion. One criticism 

of the CASA use is that the definitions for defining immotile and motile cells are 

often arbitrarily set [143], but, once set, the CASA can accurately and precisely 

measure motility. The decision to label a cell as motile or immotile is based on the 

cut-off limit for velocity. A cell must move a particular distance in a given time in 

order to be motile, so the motile cells can be represented by a particular trajectory. 

The trajectory will be influenced by the number of images/s [151]. Trajectories 

are formed from successive images based on the prediction of movement distance 

calculated from user settings of maximum velocity. A circle of maximum 

likelihood of movement is then constructed. Cell images located within this 

distance from the previous image is selected to form the trajectory. Increasing the 

number of images that are taken within a set period of time reduces the size of the 

predicted movement distance and will reduce the possibility of identifying the 
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incorrect image for trajectory construction. In cases where there is more than one 

possible image for the trajectory construction, there are some methods to select 

the appropriate image. Settings can be adjusted to select the image closest to the 

middle of the estimated range of movement. Another possibility is that the 

immediate image can be ignored and the trajectory path construction continues 

until the end of the video recording. At the end of the time period, the program 

can return to the problem points and finish the trajectory construction based on 

best-fit algorithms utilizing the direction and pattern of movement.  

The computer uses size parameters to include or exclude objects in the 

measurements. In cases where non-sperm particles are classified as motile or 

immotile, there will be an overestimation in motility. When immotile sperm are 

not recognized or are classified as debris, there will be an underestimation in 

motility. These errors appear to balance out and would produce negligible effects 

[152]. Parameter settings, particularly brightness cut-offs, defining the digitized 

image as a �cell� must be appropriately adjusted to eliminate debris. Adjustments 

to do so can result in some actual cells being ignored, such as small or large heads 

or when cells are stuck together, and debris of similar size to sperm heads will 

still be included. Corrections to programming that include the image of a tail 

along with a head can reduce some of this error. The concentration of cells within 

the camera�s view, either from having an uneven distribution of cells on the slide 

or from the sample not being diluted enough, will ultimately influence motility as 

their path of movement is more frequently disrupted by other cells [151]. 

Capillary action used to load semen samples into slide chambers produces a 
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planar Poiseuille flow and a Segre-Silberberg (SS) effect where suspended 

particles travel in a direction transverse to the general flow. The SS effect can 

result in incorrect estimations of concentrations. Algorithms can incorporate 

correction factors for these SS effects that provide a higher correlation between 

concentrations determined with hemocytometery and computer-assisted means 

[153]. In addition, collisions between cells disrupt natural movement patterns and 

make trajectory construction more difficult. The recommended range for analysis 

is about 25 X 106 sperm/mL, but may be as high as 40 X 106 sperm/mL in some 

systems and still be reliable [193]. Cell concentrations greatly above or below this 

range can influence computer analysis [154, 155, 156, 157, 158, 159]. Some 

systems truncate trajectories from colliding cells that result in loss of motile cells 

and an underestimation of cell concentrations. Other systems make adaptations in 

their trajectory construction, so the reconstruction of trajectories and the resultant 

kinematics may be altered when concentrations are too high. Excessively low 

concentrations may not provide an adequate representative sample. Thus it is vital 

to have cell concentrations that provide space for cell movement, but still provide 

enough cells for a representative sample.  

There has not been a significant report of a strong correlation between 

CASA-derived parameters and fertility beyond what visual analysis of motility 

has demonstrated [143]. Any number of malfunctions can render a given 

spermatozoa incapable of fertilization leading to a decrease in fertility, but CASA 

does offer other advantages over visual observation. Computer-assisted motility 

assessment provides information on each individual cell that is tracked. The 
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individual motilities can be averaged together to look at overall motility, or they 

can be used to determine whether subpopulations of spermatozoa exist based on 

the kinematic parameters that represent potentially desirable characteristics. 

Subpopulations of spermatozoa exist in boar and gazelle semen [160]. In the boar 

semen samples, different subpopulations responded differently to environmental 

components represented by bicarbonate and caffeine in the diluents. Further 

analysis of gazelle semen revealed that the subpopulations represented different 

physiological states. Apparently, individual spermatozoa can shift between 

subpopulations as they mature [161]. One subpopulation was directly impacted by 

the amount of voltage used for the semen collection indicating that electrical 

fields can cause alterations, in this case detrimental, in semen quality. Earlier 

studies also demonstrate that electroejaculation voltage can have detrimental 

effects on semen motility and viability in humans [162, 163] and cats [164]. 

Factors such as animal size, age, breed, inbreeding, freezing parameters, 

spermatozoon location within the reproductive tract and components of extenders 

or diluents can ultimately affect sperm motility or quality. The type of diluent 

used can alter swimming behavior [143, 151] or cause hyperactivation [165], and 

the amount of space the cell has to utilize for movement can even influence 

swimming behaviors [143]. CASA can be used to look at the impact these factors 

have on subpopulations and further elucidate the relationship of sperm 

physiological states and sperm function or fertility. CASA can also be a vital tool 

in assessing the effects of exposure to occupational or environmental hazards, 

particularly in humans [143].  
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Some CASA systems now include additional capabilities that enable more 

robust studies of sperm. Technology now exists to be able to view sperm 

morphology concurrently with motility. The incorporation of fluorescence-

detecting devices allow for the analysis of cell viability or membrane integrity, 

DNA status, and detection of molecular components like PAFr or ubiquitin. These 

additional capabilities provide scientists with numerous means to further elucidate 

the relationships cellular features have with motility and possibly with fertility. 

Flow cytometry 

The first flow cytometer was developed in the late 1960�s and have 

become a popular tool for discerning cellular properties and sorting cells [166]. 

They can be used for measuring many cellular traits including cell size, surface 

antigens, membrane integrity and permeability, DNA content, DNA degradation 

or synthesis, and chromatin structure. Many of these traits can be measured in 

spermatozoa including viability, membrane and acrosomal integrity, DNA 

fragmentation, and mitochondrial function [167]. 

Cellular suspensions are used for flow cytometry analysis. The cells are 

passed through a beam of light located in a flow chamber one at a time. As the 

cells pass through the light source, they scatter light and attached fluorochromes 

are excited to a higher energy state. The energy is released as photons of light, 

both scattered and emitted, that can be detected and measured by optical 

detectors. Different filters are used to only allow specific wavelengths of light to 

enter the detector. The detectors convert the light energy into electric signals 

which are further processed and converted into digital numbers for data analysis 
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and storage. The specifics of flow cytometry theory and operation are highly 

complex (reviewed in [168, 169]). The advantage of flow cytometry over basic 

epifluorescence microscopy is the ability to analyze several parameters of a large 

number of cells rapidly and quantitatively. Additionally, if a sorter is attached to 

the equipment, cells with desirable characteristics can be sorted out for further 

analysis. The primary disadvantage is that the cell cultures need to be suspensions 

of single cells, which can be problematic for studying many tissue types. With 

respect to the study of spermatozoa, the ability of flow cytometers to quickly 

characterize these cellular traits in thousands of cells, in addition to being able to 

sort out cells of interest for further study or use in artificial insemination, makes it 

a powerful tool for studying spermatozoal traits and their relationship to fertility.  
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CHAPTER 2 

RELATIONSHIP OF PLATELET-ACTIVATING RECEPTOR (PAFr) 
AND UBIQUITIN, AS FERTILITY INDICATORS IN THE BULL, TO 

MOTILITY PARAMETERS DETERMINED VISUALLY AND ON TWO 
DIFFERENT COMPUTER-ASSISTED SEMEN ANALYZERS 

 
Introduction 

The use of a sub-fertile bull during a breeding season can have a large 

impact on herd productivity by increasing calving intervals and costs associated 

with maintaining non-pregnant cows. The traditional method for evaluating a 

bull�s breeding potential is the breeding soundness evaluation (BSE) defined by 

the Society for Theriogenology in 1993 [15]. The BSE can be used to predict a 

bull�s breeding potential by identifying individuals that do not meet the minimum 

requirements for three basic criteria: scrotal circumference, sperm motility, and 

sperm morphology. The BSE has received criticism because of its subjectivity 

[28]. The microscopic analysis results in particular can easily vary depending on 

the technician that performs the analysis [29, 30]. Computer-assisted semen 

analysis (CASA) uses defined settings that, when technicians are sufficiently 

trained and sample handling is consistent, can produce more uniform measures 

and provide better documentation for samples [144]. A comparison between 

manual and CASA motility and sperm count estimates indicated that the manual 

method was less reproducible than the CASA systems [145], and manual 

estimates can differ from CASA estimates for motility [146]. Automated semen 

analysis has become a helpful tool in assessing the quality of semen samples 

during BSEs of young bulls typically about 1 year of age.  
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The combined use of computer assisted semen analysis (CASA) and 

analysis for cellular markers associated with either normal or abnormal 

spermatozoa could provide valuable insight into the breeding potential of young 

bulls. The ability to measure the fertility of an animal is of particular interest to 

producers for economic and practical reasons [14]. The earlier producers can 

discern the fertility of a young bull, the earlier they can cull less desirable animals 

and minimize financial losses. Concentrations of cellular factors that are 

associated with fertility, such as platelet-activating factor (PAF), and its receptor 

(PAFr), and ubiquitin (UBI), may be measured as indicators of potential fertility.  

High levels of PAF have been associated with increases in sperm motility 

[47, 83, 104, 105], and it has been shown to have a positive association with high 

fertility in both boars [10, 50, 170] and bulls [12]. Motile spermatozoa have more 

PAF receptors (PAFr) than non-motile spermatozoa [171], so it is possible that 

PAFr may be a possible marker related to fertility. Another potential marker 

includes ubiquitin. Ubiquitin is believed to be a marker of defective spermatozoa 

since cell surface ubiquitination is associated with morphologically abnormal [13] 

and intrinsically defective bull spermatozoa [137] and with human infertility 

[172]. Defective spermatozoa are surface ubiquitinated, presumably by ubiquitin 

produced by the epididymal endothelial cells, as they pass through the epididymus 

and appear to be physically removed from the lumen as they progress through it 

[13, 134]. The epithelial cells seem capable of phagocytosing the marked cells 

thus providing an internal mechanism for quality control that could also be used 

as a diagnostic tool [135]. If the quantity of defective spermatozoa is high, then 
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the rate of phagocytosis will not be able to remove all of the marked cells from 

the lumen. In addition, as sperm cells mature, they slough off the excess 

cytoplasm. Some immature cells in an ejaculate will have cytoplasmic droplets 

which show high levels of ubiquitination [136]. These defective cells, whether 

from developmental problems or immaturity, can be detected in the ejaculate via 

immunolabelling techniques. 

Our goals in this study were two-fold, first to determine relationships 

between cellular features, both obvious morphology and cell-membrane 

associated molecular components, and semen characteristics collected during the 

BSE evaluation. The second goal was to use a more objective means of analysis 

to determine motility than the visual method allows. Two different analytical 

systems were used for analysis: the Hamilton Thorne Integrated Optical Visual 

System (IVOS) and the Minitube SpermVision (SV) system. We were interested 

to see if the objective measures would demonstrate different relationships with 

morphological features, PAFr or UBI, and with the semen characteristics.  

Materials and methods 

A total of 279 young bulls between 309-400 days old were examined 

chute-side using standard BSE fertility evaluation procedures at the California 

Polytechnic University Bull Test site, San Luis Obispo, CA over 5 days in 

September, 2004. Animals were transported to the facility in mid-May and were 

maintained on-site for performance testing prior to the BSE exams. They were fed 

twice daily to attain a 2.75-3.0 lbs/day weight gain. The diet consisted of 20-40% 

protein and trace mineral fortified grain rations, and the remainder was chopped 
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hay and silage. Most of the bulls were of the Angus breed (AN; n=105), but 

additional breeds represented included Angus-Charolais (AC; n=30), Angus-

Multitrait (AM; n=55), Red Angus (AR; n=5), Angus-Simmental (AS; n=13), 

Brangus (BN; n=7), Charolais (CH; n=9), Gelbvieh (GV; n=7), Horned Hereford 

(HH; n=41), and Limousin (LN; n=7). Each bull was subjected to the BSE 

including vesicular palpation, and semen from the bulls was collected using an 

electroejaculator (ElectroJac 5, Neogen Corp.). Palpation scores were assigned on 

a 5-point scale where 1 = no inflammation and 5=extreme inflammation.  

For motility evaluation, the semen was either evaluated raw or diluted to 

about 20 million cells/mL in 37ûC Dulbecco�s phosphate buffered saline (DPBS, 

Sigma), supplemented with polyvinyl pyrolidone (5mg/mL, Irvine Scientific), 

gentomycin (0.1µL/mL, Sigma) and pyruvate (0.11mg/mL, Sigma). Samples and 

saline were maintained at 37ûC on slide warmers. The samples were visually 

evaluated for motility, morphology, and concentration using an inverted light 

microscope (Olympus Inc.) at 20X and a Makler counting chamber (Irvine 

Scientific). A total of 100 cells were examined for the morphology analysis 

according to the criteria defined by the Society for Theriogenology [15]. On four 

out of the five days of collections, a portion of the diluted sample was also 

analyzed on either the Hamilton Thorne IVOS, the Minitube SpermVision (SV), 

or both systems for motility parameters: percent total motility (MOT), percent 

progressive motility (PRO), average path velocity (VAP), straight line velocity 

(VSL), curvilinear velocity (VCL), amplitude of lateral head displacement (ALH), 

beat cross frequency (BCF), straightness (STR), and linearity (LIN). The 
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kinematic parameters for each machine were optimized by the respective 

manufacturer�s technicians (Tables 3 and 4). Samples for both machines were 

loaded onto 4-chamber slides (Leja) with a 20 µm chamber depth for analysis. 

The middle portion of the slide was used for field selection. Six or seven fields 

were selected on the IVOS and SV systems, respectively, to generate averages for 

each motility parameter. Machine housing (IVOS) and stage (SV) were 

maintained at 37ûC for the analysis, but environmental temperatures in the 

collection and analysis areas may have exceeded this temperature (Table 5). 

Collections were made between 0730 and 1900 PST across all days. 

For flow cytometry processing, raw semen (2 mL) was washed in 10 mL 

of Sperm TL medium (Irvine Scientific). Sperm pellets were isolated by decanting 

the supernatant after centrifugation at 400g for 4 min. The pellet was fixed in 5 

mL of 2% formaldehyde (10% ultrapure EM grade; Polysciences, Inc.) in DPBS, 

incubated at room temperature for 40 min, washed in 3 mL DPBS, then 

resuspended in 2 mL DPBS. Each sample was split into two equal volumes in 1 

mL NUNC tubes (Fisher Scientific), labeled, wrapped in parafilm and stored at 

4ûC. One set of fixed samples was shipped on ice to Clemson University and 

stored at 4ûC until prepared for flow cytometric analysis. Sample aliquots (250 

µL) were blocked in an equal volume of filtered 5% normal goat serum (NGS, 

MPBiomedicals CELLect®) in PBS. A 1% NGS was used for all washes and 

antibody dilutions, and pellets were isolated after centrifugation at 400g for 5 min. 

After blocking, pellets were incubated overnight at 4ûC with a 1:100 dilution of 

both primary antibodies: monoclonal antibody MK-12-3 (MBL) raised against  
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Table 3. IVOS machine settings for bull motility analysis 

Parameter Setting 

Apply Sort 0 

Frames Acquired 30 

Frame Rate 60 Hz 

Minimum Contrast 56 

Minimum Cell Size 5 Pixels 

Minimum Static Contrast 30 

Straightness Threshold 80% 

VAP Cutoff 20 µm/s 

Progressive Minimum VAP 80 µm/s 

VSL Cutoff 0 µm/s 

Cell Size 10 Pixels 

Cell Intensity 100 

Static Head Size 1.05 to 4.66 

Static Head Intensity 0.66 to 1.94 

Static Elongation 1 to 67 

Slow Cells Motile NO 

Magnification 1.89 

Video Frequency 60 

Bright Field NO 

LED Illumination Intensity 2221 

IDENT Illumination Intensity 3000 

Integrating Time 1 Frame 
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Table 4. SV machine settings for bull motility analysis 

Parameter Setting 

Cell Minimum Area: 22 µm 

Cell Maximum Area: 120 µm 

Immotile Average orientation change 
 (AOC) < 5 degrees 

 
Local Motile Straight line distance  

(DSL) <9 µm/s 
 

Progressive Motile Straight line distance 
 (DSL) ≥ 9 µm/s 

 

 

Table 5. Daily ambient temperatures for semen collections at the California 
Polytechnic University Bull Test site, San Luis Obispo, CA during 
September, 2004. Casa availability varied between days  

Date 5 6* 7 8** 9** 10* 

Maximum  
Daytime Temperature (ûC)

 

31.1 38.3 38.9 40.6 36.7 31.7 

Minimum  
Daytime Temperature (ûC)

 

12.2 13.9 13.9 15.0 14.4 13.9 

Number of Bulls Collected 14 83 0 49 90 36 

      *=SV only available, **= both SV and IVOS available 

 



 

38 

 

purified bovine erythrocyte ubiquitin and polyclonal antibody 160602 (Cayman 

Chemical) raised against the synthetic peptide from the human PAFr. Samples 

were washed and resuspended with the corresponding secondary antibodies: goat 

anti-rabbit IgG FITC conjugate (Zymed) for PAFr, and a goat anti-mouse IgG 

TRITC conjugate (Zymed) for ubiquitin, at a 1:80 concentration. After 2 h of 

incubation at room temperature, samples were washed twice and resuspended in 

PBS for storage in the dark at 4ºC until analysis within 12 h. Negative controls 

were prepared for each bull by omitting the primary antibody. Some samples were 

ramdomly selected for verification of fluorescence. Stained and control samples 

were examined at 1000X on a Nikon Optiphot 2 microscope under epifluorescent 

illumination with excitation wavelengths corresponding to the respective 

secondary antibody, FITC or TRITC, and images were captured with a SPOT 

digital camera and software (Diagnostic Instruments Inc.). Exposure times were 

2.0 s and 7.287 s for FITC and TRITC, respectively, with a gain of 16 for both. 

Semen samples were dual analyzed by using a FACScan Analyzer (Becton 

Dickinson). A sample of PBS buffer with unlabeled, fixed cells was used to 

calibrate machine settings to eliminate non-specific autofluorescence. Relative 

levels of fluorescence in individual cells were acquired simultaneously for each 

antibody. Fluorescence from a total of 10,000 events were recorded for each 

sample, and gated regions corresponding to appropriate cell size were established. 

Scatter plots for forward (FSC) and side (SSC) scatter and histograms of 

fluorescence were generated for each channel corresponding to the label. Median 
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and mean values of fluorescence for cells located within the gated area were 

recorded and used for statistical analysis.  

The cumulative data were entered into Microsoft Excel tables and 

analyzed by the SAS statistical package [173]. An analysis of variance (ANOVA) 

followed by pairwise t-tests was used to determine if there are differences among 

bull motility measured manually, with IVOS or with SV. Differences at p≤0.05 

were considered to be statistically significant. Pearson�s correlation coefficients 

(r) were calculated to evaluate the intensity of association among BSE results, 

semen motility results and flow cytometry fluorescence values. Extreme outliers 

in fluorescent intensity for both PAFr and UBI were identified and removed prior 

to further analysis of flow cytometric results, with outliers being greater than 3 

times the interquartile range.  

Results 

Data for 264 bulls were successfully collected. Average bull age was 

358.8 ± 20.6 days (Table 6). Palpation scores averaged 2.7 ± 0.8 out of a 5-point 

scale, and semen morphology was about 60 ± 13.8% normal on average. 

Correlation results indicated no significant relationship between morphology and 

either age or palpation score.  

 

Table 6. Average age, morphology and palpation results for bulls 
collected at the California Polytechnic University Bull Test site, 
San Luis Obispo, CA during September, 2004  

Parameter 
(Units) 

Number Mean ±SD Minimum Maximum 

Age (Days) 264 358.8 ±20.6 309 400 
Normal (%) 261 60.6 ±13.8 15 94 

Palpation 264 2.7 ± 0.8 1 5 
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A total of 117 bulls having all three motility measures: manual, IVOS and 

SV, were used for the motility analysis. Age was not significantly associated with 

either visual or SV MOT, but it was positively related to IVOS MOT (p<0.01; 

r=0.29). Analysis of variance indicated that there were significant differences 

between bulls (p<0.05) for all motility parameters except STR and BCF. There 

was a notable difference (p<0.0001) between the analytical methods for average 

MOT: 83.06 (IVOS), 75.84 (visual), 65.48 (SV) and for average PRO: 44.25 

(IVOS) and 60.07(SV)(Table 7). All seven kinematic parameters: VAP, VCL, 

VSL, STR, LIN, ALH, and BCF, were significantly different (p<0.05) between 

the two CASA analysis methods, and IVOS values were higher than SV values 

for five out of the seven parameters. For the SV analysis, MOT was very strongly 

correlated with PRO (r=0.98) as compared to the correlation between IVOS MOT 

and PRO (r=0.74). The remaining seven kinematic parameters all showed 

significant positive relationships with MOT for the corresponding analytical 

methods, IVOS and SV, with the exception of BCF for the IVOS results and LIN 

for the SV results (Table 8). Despite the significant difference between averages 

for the various kinematic parameters, there were very strong positive relationships 

(p<0.0001) between visual MOT and both IVOS MOT (r=0.32) and SV MOT 

(r=0.59) across all samples. The intensity of association between IVOS and SV 

MOT and PRO was also very strong with r=0.70 for both MOT and PRO (Table 

9). Direct relationships also existed (p<0.0001) between VAP (r=0.64), VCL 

(r=0.68), VSL (0.58), STR (r=0.15), LIN (r=0.28) and ALH (r=0.68) for the two 

machines.  
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Table 7. Summary of average measures for motility and kinematic parameters for 
117 bulls. All parameters were significantly different between the 
evaluation methods: visual, IVOS or SV 

 Evaluation Method 
Parameter 

(Units) 
VISUAL ±SD IVOS ±SD SV  ±SD 

MOT (%)* 75.84 ±16.78 83.06 ±13.94 65.48 ±17.12 
PRO (%)*  44.25 ±16.33 60.07 ±19.05 

VAP (µm/s)**  117.73 ±27.07 97.02 ±22.44 
VCL (µm/s)**  191.6 ±39.39 158.03 ±35.72 
VSL (µm/s)**  100.24 ±25.09 86.05 ±22.24 

STR (%)**  79.32 ±6.01 87.51 ±5.45 
LIN (%)**  51.47 ±7.02 54.24 ±8.52 

ALH (µm)**  7.58 ±1.22 4.21 ±0.92 
BCF (Hz)**  35.68 ±3.38 32.21 ±5.29 

* = p<0.0001; ** = p<0.05 
 
 
 
 
Table 8. Relationship of PRO and all kinematic parameters for both machine 

evaluation methods, IVOS and SV, with their respective MOT  
 Evaluation Method  

Parameter IVOS SV 
PRO 0.74 0.98 
VAP 0.65 0.57 
VSL 0.63 0.54 
VCL 0.65 0.55 
STR 0.33 0.26 
LIN 0.25 NS 
ALH 0.39 0.38 
BCF NS 0.34 

 p<0.01; NS = No significant relationship 
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Table 9. Relationship of IVOS and SV measurements: 

motility and kinematic parameters 
Parameter Relationship 

MOT 0.70 
PRO 0.70 
VAP 0.64 
VCL 0.68 
VSL 0.58 
STR 0.15 
LIN 0.28 
ALH 0.68 
BCF NS 

p<0.0001; NS = No significant relationship 
 
 
 
 

Analysis showed some relationships between motility parameters and both 

normal morphology and concentration (Table 10). The amount of normal 

morphology was only weakly positively correlated with LIN from the IVOS 

analysis and PRO from the SV analysis, and it was weakly inversely correlated 

with BCF from the IVOS analysis. Increasing MOT was significantly associated 

with increasing CON for all three motility analysis methods, and PRO, VAP, 

VCL, VSL were similarly related to CON. The ALH was significantly correlated 

with CON for the SV analysis. None of the remaining three parameters, BCF, LIN 

or STR showed a significant relationship with CON.  
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Table 10. Relationship of motility and kinematic parameters with sperm 

morphology and concentration for the 3 evaluation methods: visual, 
IVOS and SV 

  %NORMAL  CONCENTRATION 
Parameter  VISUAL IVOS SV  VISUAL IVOS SV 

MOT  NS NS NS  0.21* 0.29** 0.32** 
PRO  . NS 0.19*  . 0.25** 0.38** 
VAP  . NS NS  . 0.33** 0.39** 
VSL  . NS NS  . 0.31** 0.33** 
VCL  . NS NS  . 0.32** 0.38** 
STR  . NS NS  . NS NS 
LIN  . 0.19* NS  . NS NS 
ALH  . NS NS  . NS 0.34** 
BCF  . -0.18* NS  . NS NS 

*p<0.05; **p<0.01 
 

 

 

Visual analysis indicated that spermatozoa exposed to only the secondary, 

but not the primary, antibodies exhibited some background fluorescence, but 

intensity of staining was less than samples exposed to both antibodies for either 

PAFr or UBI (Figures 8 and 9). The PAFr fluorescence occurred predominantly 

along the midpiece and along the remaining tail length. Very little additional 

PAFr fluorescence was noted on the head or neck regions. The UBI fluorescence 

was brightest on the head of spermatozoa. 

Only animals with both complete motility information (visual, IVOS and 

SV) and flow cytometry data were used in the data analysis for PAFr and UBI. A 

total of 95 bull semen samples were included in the final results. An additional 32 

samples were removed after an initial analysis after being identified as extreme 

outliers since many samples were contaminated to some extent with fungal 

growth. Scatterplots of FSC and SSC were generated for all samples, and small 
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debris in the samples was excluded by using a gated region that included the 

majority of cells (Image A, Figure 10) for most bull samples. Some samples had a 

large amount of small debris (Image B, Figure 10), presumably from higher levels 

of fungal contamination in the samples that caused cellular degradation. Some 

samples also contained large cells or debris (Images C and D, Figure 10). The 

median and mean values, in addition to the minimum (Min) and maximum values 

(Max) of PAFr and UBI fluorescence are indicated in Table 11. Despite removing 

outliers, some samples still displayed median and mean values much lower or 

higher than the average. There was no notable relationship between bull age and 

fluorescence for either PAFr or UBI.  
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Figure 8. The presence of PAFr on bull spermatozoa. Immunofluorescence of bull 
spermatozoa labeled using (A) anti-PAFr antibodies conjugated with FITC. 
Spermatozoa labeled with only secondary antibody (B) as a control indicates 
some low level fluorescence primarily along the midpiece. Bars = 3.4 µm 

B. 

A. 
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Figure 9. The presence of UBI on bull spermatozoa. Immunofluorescence of bull 
spermatozoa labeled using (A) anti-UBI antibodies conjugated with TRITC. 
Spermatozoa labeled with only secondary antibody (B) as a control indicates 
some low level fluorescence particularly on the basal region of the head. Bars = 
3.4 µm. 
 

A. 

B. 
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Figure 10. Scatter plots of forward and side scatter of visible light and 
corresponding histograms of relative fluorescence of PAFr-FITC and UBI-
TRITC for different bull samples (A-D) processed for flow cytometry. A.) 
Typical sample distribution with most cells having a uniform size and 
appearing in the central region of the plot. The gated region consisted of the 
upper right hand portion of the plot. B.) Scatter plot showing prevalence of 
small particles in lower left quadrant. C and D.) Samples having several 
subpopulations of cells throughout the scatterplot. 

R2

R1

R3

R4

  Light Scatter                              PAFr              UBI 

A. 
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Table 11. Average median and mean fluorescence values for PAFr and 
UBI in 95 bull samples  

 PAFr UBI 
Parameter Average ±SE Min. Max. Average ±SE Min. Max. 

Median: 34.3 ±3.2 8.8 171.5 8.6 ±60.6 3.4 43.3 
Mean: 106.7 ±10.7 18.5 592.5 26.5 ±2.7 5.3 147.8 
 

 

Median values of PAFr and UBI fluorescence were both inversely 

correlated with NORM (p<0.05) and CON (p<0.001) (Table 12). Concentration 

was significantly inversely correlated with mean values for both PAFr and UBI, 

but NORM was not. The cellular parameters, PAFr and UBI, demonstrated some 

relationships with the CASA-generated motilities but not the visually-determined 

MOT. For PAFr, only the mean value of PAFr was significantly inversely 

correlated with SV and IVOS PRO. The SV and IVOS MOT were not 

significantly correlated with PAFr, but the p-values for both barely exceeded the 

acceptance level (p<0.05). Ubiquitin showed similar relationships with CASA-

generated motilities. Both SV and IVOS MOT and PRO were significantly 

inversely correlated with mean UBI (p<0.05). In addition, the median UBI value 

was significantly inversely correlated with SV and IVOS PRO (p<0.05). Several 

kinematic parameters were inversely correlated with both PAFr and UBI, 

including VAP, VCL, VSL and ALH. One parameter, LIN, demonstrated a 

positive relationship only with mean UBI.  



 

49 

 

Table 12. Relationships between median and mean PAFr and UBI 
fluorescence and semen sample parameters from 95 bulls  

      PAFr  UBI 
Parameter  Median Mean Median Mean 

NORM:   -0.22 NS -0.22 NS 
CON:   -0.38 -0.48 -0.43 -0.49 

SV MOT:   NS NS NS -0.23 
Visual MOT:   NS NS NS NS 
IVOS MOT:   NS NS NS -0.28 

SV PRO:   NS -0.27 -0.21 -0.33 
IVOS PRO:   NS -0.38 -0.33 -0.45 

SV VAP -0.27 -0.40 -0.20 -0.35 
IVOS VAP -0.30 -0.48 -0.23 -0.46 

SV VCL -0.34 -0.47 -0.30 -0.45 
IVOS VCL -0.33 -0.52 -0.27 -0.51 

SV VSL -0.24 -0.35 NS -0.30 
IVOS VSL -0.28 -0.45 NS -0.41 

SV LIN NS NS NS 0.22 
IVOS LIN NS NS NS NS 

SV STR NS NS NS NS 
IVOS STR NS NS NS NS 

SV ALH -0.34 -0.45 -0.32 -0.49 
IVOS ALH -0.30 -0.42 -0.27 -0.46 

SV BCF NS NS NS NS 
IVOS BCF NS NS NS NS 

p<0.05; NS=Not Significant 

 

 

Discussion 

Computerized semen analysis is becoming a standard means for 

measuring semen motility in many species. It is important to comprehend the 

differences between samples and machines in order to use the motility 

information in further scientific studies and practical field use. As expected, bulls 

demonstrated variation in their motility results as reported previously [150]. 

These findings also showed that alternative analytical methods, visual versus 

machine and between machines, give different results on average, but there was a 
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significant correlation between the same motility parameter on different machines 

for each individual animal. It was surprising to see such a drastic difference in 

MOT between the IVOS and SV systems. Since the samples used for analysis 

were taken from the same dilution aliquot and analyzed on the same types of 

slides within about a minute of each other, more similar motility values were 

expected. Cells will often adhere to glass. Polyvinyl pyrolidone, a synthetic 

polymer used as a lubricant and as a selecting agent for sperm under the name of 

Percoll, was added to help alleviate this problem. Since each respective technician 

was in charge of their own machine to optimize running conditions, it is likely 

that there were subtle differences in the actual parameter settings or in the 

manufacturer-specific algorithms that influenced the MOT measures. Objective 

criteria used to define machine motility versus the subjective visual analysis likely 

account for considerable variability between methods.  

The SV uses the average orientation change (AOC<5 degrees) to classify 

objects as immotile. Motile cells are then classified as locally or progressively 

motile based on the straight line distance that they migrate (DSL); therefore 

motility is ultimately based on head movement and distance progressed. The 

advantage of this method is that the machine will not classify drifting cells as 

motile, because of the lack of head movement characteristic of truly motile cells, 

but some cells can move without significant head motion that would not be 

counted. Under the warm environmental conditions present, it appeared that most 

cells that were motile were progressively motile under the SV criteria but not 

necessarily under the IVOS criteria. The IVOS utilizes a velocity cut off value for 
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motility classification. This method of determining motility looks at the average 

distance moved over a period of time, so it could classify drifting cells or debris 

of appropriate size as motile and would count cells moving in a tight circle as 

being progressively motile. The IVOS does have a cutoff to prevent slowly 

moving cells from being designated as motile, which may eliminate some drifting 

cells or debris, but would also eliminate genuinely motile cells. For the SV 

system, cells moving in tight circles, which would be characteristic of hyperactive 

cells, could be considered progressively motile. The settings for the SV system 

resulted in a very high proportion of motile cells being progressively motile as 

compared to the IVOS system. Since the environmental temperatures were high 

enough to significantly reduce the possibility of cold shock that is detrimental to 

motility, and since the samples were typically processed within 5-10 min of 

collection or sooner which eliminates potential hazards of prolonged exposure to 

seminal fluids or production of detrimental reactive oxygen species, this result is 

probably due to differences between the machines themselves. The difference in 

method of classifying cells as immotile, and the inability of the IVOS to account 

for drifting cells, could account for the higher estimate of MOT for the IVOS. The 

VAP was significantly different between machines indicating that cells were 

moving more slowly on the IVOS. If enough drifting cells were present, the 

average PRO would ultimately be reduced in the IVOS. Despite these differences, 

the relationships between the respective parameters were fairly strong between 

samples for MOT, PRO, VAP, VCL, VSL and ALH. This indicates that, although 
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the actual values may differ, the two machines are consistently assessing these 

parameters in a similar fashion.  

There was a relationship between motility and sample cell concentrations. 

Semen volumes and concentrations for ejaculates can be affected by the season 

[24], collection methods [174] and personnel [24]. Seasonality effects may not be 

evident since bulls were adequately fed to maintain good body condition and the 

semen samples were all collected at the same time, but different voltages or the 

number of pulses from the electroejaculator used on a bull as controlled by the 

operator may have produced different quality or quantity of semen samples. 

Earlier studies demonstrate that electroejaculation voltage can have detrimental 

effects on semen motility and viability in humans [162, 163] and cats [164]; 

however, voltage effects on bull semen quality during the 2003 bull BSE test were 

not notable (Plummer W, pers. comm.). 

There will still be some developmental differences between these young 

bulls that affect sperm quality and motility. Between 11 and 15 months of age, 

spermatozoa maturation increases significantly from 20 to 61% [26]. By 18 

months, most bulls are capable of being satisfactory breeders [27]. The bulls used 

in this study were relatively young, 10-13 months, so some maturational impacts 

would not be unexpected. Morphologically abnormal spermatozoa were grouped 

together for this evaluation, and acceptable motility is based on the progressive 

motility of individual spermatozoa rather than gross motility. Morphology did not 

show a convincing relationship with motility parameters indicating that there were 

no predominant morphological issues that impacted motility. Most samples 
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typically have 10-20% morphologically abnormal spermatozoa without directly 

impacting fertility [175]. These results are in direct contrast to results seen in a 

similar study [176]. They used samples collected and processed for a similar BSE 

trial at the California Polytechnic University Bull Test site, San Luis Obispo, CA 

trials in 2003. They showed a strong, significant positive correlation between 

sperm motility and the percent of morphologically normal spermatozoa which 

they attributed to sperm damage acquired during sample processing for motility 

analysis. The minimum and maximum environmental temperatures during the 6-

day sampling period in 2004 were higher on average (13.9-36.2ûC) than the first 

half of September in 2003 (12.3-28.8ûC). This temperature difference may 

account, although unlikely, for a reduction cold shock effects and ultimately in 

less sperm damage in 2004. 

Flow cytometry provides a means to evaluate a large number of cells 

quickly for markers based on immunofluorescence. The median value was 

presumed to be the best indicator of fluorescence on a typical cell within an 

ejaculate, whereas the mean would be a best indicator of average fluorescence 

across all cells collectively. The mean would more likely indicate a shift in 

sample fluorescence due to subpopulations within a sample that have higher or 

lower fluorescence. Therefore, both values were used for statistical analysis to 

ensure that all potential relationships could be assessed. This technique measures 

total fluorescence of a cell, so it is unable to detect regional differences in 

fluorescence across a cell. Total fluorescence may not be the best representation 

of biologically relevant details of receptor localization. Permeabilized bull sperm 
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cells display differential PAFr distribution [12]. In some cells, the fluorescence 

was present across the whole cell, while other cells displayed fluorescence that 

was not uniform or occurred on only the head or tail. Other reports indicate that 

PAFr fluorescence in permeabilized normal bull spermatozoa occurs along the 

postacrosomal sheath of the sperm head and in the principal piece of the tail 

[176]. In unpermeabilized human spermatozoa, PAFr appears to be highest in the 

neck region of normal spermatozoa [177] or in the proximal head and midpiece 

regions of PAF-treated spermatozoa [82]. Unpermeabilized, abnormal human 

spermatozoa demonstrated uniform fluorescence across all regions, and did not 

display the increased fluorescence at the neck region compared to normal 

spermatozoa [177]. Permeabilized bull spermatozoa presumed to be abnormal due 

to ubiquitin labeling also showed reduced PAFr fluorescence as compared to 

normal cells [176]. Although abnormal spermatozoa do not demonstrate a 

regional difference of PAFr on the whole cell, they did have higher levels (2.7-

fold) of PAFr expression than normal cells possibly due to problems with DNA 

fragmentation, gene transcription or translation, or protein transport mechanisms 

[177]. The PAFr localization to the midpiece indicates a potential link to 

mitochondrial function. The mitochondria are located in the midpiece region, so 

the PAFr is in apt placement to create the calcium influx and alter energy 

production for motility enhancement. It has been established that bull 

spermatozoa express PAFr at varying levels of fluorescence in different regions, 

and they demonstrate levels of ubiquitination that can be assayed. It is not yet 
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clear what relationship it has with bull semen motility parameters, concentration 

or morphology. 

Using terminal transferase dUTP nick end labeling (TUNEL) of 

spermatozoa, it has been reported that there is a high correlation between 

ubiquitin presence and defective DNA [137] and between ubiquitin and abnormal 

spermatozoa physiology [13, 178]. This suggests that levels of ubiquitination 

determined flow cytometrically can be used as an indicator of infertility. Another 

study showed labeling for ubiquitin in unpermeabilized human spermatozoa 

primarily along the mid piece region, in the head of morphologically abnormal 

spermatozoa and in cytoplasmic droplets [179]. They also saw abnormal cells 

displaying no observable ubiquitination. In addition, these authors indicate the 

presence of ubiquitinated structures in human ejaculates that were devoid of 

nuclear material [179]. Level of ubiquitination, when fluorescence from these 

ubiquitinated bodies and other semen components was excluded, was positively 

correlated with normal morphology. This indicated that sperm ubiquitination may 

actually be related to good semen quality.  

Unfortunately, most samples for this study were contaminated with fungal 

growth, so there is concern that these samples were compromised prior to flow 

cytometric evaluation. Extracellular enzymes released by fungi could have altered 

antibody binding sites preventing accurate detection of PAFr or UBI. Their 

presence and activity could also alter membrane composition allowing additional 

non-specific secondary antibody binding that leads to increased background 

fluorescence. Despite this complication, these results were similar to those seen in 



 

56 

 

a comparable study [176]. For both studies, PAFr labeling occurs along the tail. 

Both studies also indicated an inverse relationship between PAFr and both 

concentration and morphology. This study did not demonstrate a relationship 

between PAFr and motility, but the other study indicated a negligible or slightly 

positive relationship [176]. For UBI, the bull samples in this study had higher 

UBI fluorescence on the head. The images in the previous study demonstrate UBI 

labeling on the tail when cells are not clustered together, but there was distinct 

labeling on the post-acrosomal region of the sperm head when presumed defective 

sperm are clustered together [176]. Both studies had negative correlations 

between UBI and both concentration and morphology, but this study produced a 

negative correlation between UBI and MOT whereas they demonstrated a positive 

correlation. The ability of this study to demonstrate similar relationships between 

cellular features and sample characteristics indicates that the presence of fungal 

enzymes did not completely eradicate the PAFr and UBI antibody-binding sites. 

In summary, motility measures will vary based on the method and the 

equipment used. In this study, the IVOS system produced a higher estimate of 

total motility, and the SV system produced a lower estimate of motility, as 

compared to motility as visually measured. Qualitatively, the measures of motility 

were highly consistent between methods of analysis. More concentrated samples 

typically had higher motilities, but there was little relationship between normal 

morphology and motility.  

Fungal contamination of formaldehyde-fixed samples prior to PAFr and 

UBI analysis introduces a source of concern in interpreting the results for marker 
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fluorescence. Motility and PAFr were not significantly related, but reduced PAFr 

was associated with increases in cellular concentration and normal morphology. 

Upregulation of PAFr is believed to occur in abnormal cells that can not properly 

respond to PAF. It is possible that cells with abnormal morphology also have 

altered biochemical pathways that encourage PAFr upregulation. With an increase 

in normal morphology, it might then be expected to see a reduction in PAFr. For 

UBI, increasing motility was associated with reductions in UBI fluorescence. In 

addition, decreasing UBI was associated with increasing concentration and 

normal morphology. Improved motility may be associated with improved normal 

morphology within a sample, and since UBI is believed to be a marker of 

defective cells, the negative relationship between UBI fluorescence and motility 

or morphology would not be unexpected. So, despite fungal contamination, the 

results seem to demonstrate expected results between cellular parameters and 

semen characteristics. 
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CHAPTER 3 

RESULTS OF ADDING PLATELET-ACTIVATING FACTOR TO LOW 
AND HIGH FERTILITY BOAR SEMEN PRIOR TO ARTIFICIAL 

INSEMINATION ON LITTER PRODUCTIVITY OF GILTS 
SYNCHRONIZED WITH MATRIX� 

 

Introduction 

Pork producers constantly strive to maximize production and profit. 

Production targets of 30 pigs per sow per year, 14 pigs per litter with an average 

96% survival rate have been proposed [180]. The rapid increase in utilization of 

artificial insemination (AI) in pork production has allowed producers to maximize 

their efforts in attaining this goal. It is now estimated that AI produces more than 

60% of swine in the United States [35]. Producers can purchase semen from boars 

located at other locations for AI at their own farm facilitating the manipulation of 

advantageous genetics related to litter productivity, growth characteristics or meat 

qualities. With a higher reliance on commercial semen producers, there is a 

greater demand for semen of high quality and an increasing need for identifying 

boars with high fertility that also have the characteristics desired by producers. 

The ability to measure the fertility of an animal is of particular interest to 

producers for economic and practical reasons [14]. The earlier producers can 

discern the fertility of a young boar, the earlier they can cull less desirable 

animals and minimize financial losses. The evaluation of fertility in boars 

typically includes the evaluation of sperm motility, morphology, concentration, 

acrosomal integrity and viability [36, 37]. Motlity of semen samples is frequently 
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being evaluated on computer assisted semen analysis (CASA) systems. Some 

CASA systems now include additional capabilities that enable more robust studies 

of sperm. Technology now exists to be able to view sperm morphology 

concurrently with motility. The incorporation of fluorescence-detecting devices 

allows for the analysis of cell viability or membrane integrity, DNA status, and 

detection of molecular components associated with fertility. These additional 

capabilities provide scientists with numerous means to further elucidate the 

relationships cellular features have with motility and possibly with fertility. 

Concentrations of cellular factors that are associated with fertility, such as 

platelet-activating factor (PAF), and its receptor (PAFr), and ubiquitin (UBI), may 

be measured as indicators of potential fertility.  

Platelet-activating factor (PAF) has been associated with many aspects of 

mammalian reproduction including ovulation, fertilization, embryo development 

and implantation and even parturition [57]. Intracytoplasmic sperm injection 

using PAF treated rabbit sperm resulted in higher pregnancy rates and heavier 

offspring than from control group does [117], and adding PAF exogenously prior 

to intrauterine insemination can increase human pregnancy rates [181] and birth 

rates in mice [123]. PAF content in boar sperm is directly associated with larger 

litter sizes and improved farrowing rates [10]. PAF can improve boar and human 

sperm motility parameters [106, 104] and may prolong sperm viability, suggesting 

that its addition to semen prior to insemination might improve fertility. In 

addition, motile spermatozoa have more PAF receptors (PAFr) than non-motile 

spermatozoa [171], so it is possible that PAFr may be a possible marker related to 
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fertility. Without appropriate number of receptors, exogenous PAF may not be 

able to elucidate the appropriate cellular responses. Alternatively, unusual 

expression of PAFr may indicate defects in gene regulation that can impact cell 

function.  

A large number of defective spermatozoa will impact overall fertility, but 

it could also impact PAF treatment effects. Ubiquitin (UBI) is a 76 amino acid-

molecule that, when it occurs as several molecules linked together 

(polyubiquitination), is typically associated with proteins targeted for destruction 

by the proteosome [127, 182]. Ubiquitin (UBI) can be found in human seminal 

plasma [182] and is believed to be involved in the removal of defective 

spermatozoa while in the epididymus [135] by binding to components within the 

surface of the defective spermatozoa. Cell surface UBI is associated with 

morphologically abnormal [13] and intrinsically defective bull spermatozoa and 

with bull infertility [137]. Extracts from porcine ejaculates with high levels of 

retained distal cytoplasmic droplets, considered to be detrimental to fertility, 

contain high levels of ubiquitinated proteins [136], indicating yet another link to 

ubiquitination and fertility.  

One goal of the current trial was to see if there is a benefit from adding 

PAF to semen from both low and high fertility boars prior to inseminations. In 

addition, a product recently approved by the USDA for use in gilts, MATRIX� 

(Intervet Inc., altrenogest, allyl trenbolone or RU-2267), was used to synchronize 

the reproductive cycles of all gilts. The goal was to reduce the variation timing of 

estrus expression to ensure inseminations within breeding groups occurred within 
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a short period of time of each other and to allow more efficient use of extended 

semen. Another goal of the study was to measure cellular features associated with 

fertility and examine their relationship to boar fertility and motility parameters 

with the litter parameters.  

Materials and methods 

Different breeds of gilts approximately 6-7 months old were assigned to 

12 different breeding groups for the farrowing portion of the study based on the 

date of semen shipment. Ultimately 130 gilts were included in the study: 1 Duroc, 

1 Hampshire, 3 Landrace, 18 Yorkshire, 73 York/Landrace cross bred gilts 

typically designated as breeding stock (CROSS gilts), and 34 York/Landrace x 

Duroc or York/Landrace x Hampshire cross bred gilts that typically are 

designated for slaughter (MARKET gilts). Normal health and sanitation 

procedures were followed according to approved farm protocols. Gilts were given 

ad libitum access to water and were fed a vitamin and mineral balanced corn-

soybean meal diet (14% crude protein) at a rate of 1.36 Kg/head/day. Gilts were 

fed each morning either by scattering the feed on the floor when group housed in 

quarantine or by placing the feed in troughs when housed in individual holding 

pens. The first three breeding groups were not subjected to quarantine offsite prior 

to incorporation into the breeding herd, but all remaining nine breeding groups of 

gilts were maintained as a group offsite for at least 28 days. Gilts were subjected 

to a rigorous disease testing protocol as they entered and prior to removal from 

quarantine for addition to the breeding herd. Gilts demonstrating health problems 

were culled. The quarantine site was disinfected between breeding groups.  
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Gilts were treated with MATRIX� (Intervet, Inc.) according to the 

manufacturer�s directions to synchronize estrus cycles. Treatment was 

accomplished by top dressing each gilt�s feed with 7 mL of MATRIX� for 14 

consecutive mornings. After the treatment phase, gilts were weighed and moved 

to group holding pens (1-4 gilts/pen) in the breeding barn within 24 h for 

exposure to boars located in adjacent pens. Gilts were randomly assigned to 

treatment groups: low fertility/no PAF (LC), low fertility/PAF (LT), high 

fertility/no PAF (HC) or high fertility/PAF (HT). High fertility was defined as 

boars producing >75% farrowing rate and low fertility being those producing 

<70% farrowing rate based on breeding results at the source farm. Fertility was 

based on between 4 to 164 matings by a single boar (Appendix F). Inseminations 

were conducted twice, at the time of first heat detection with a boar and 24 h later. 

In general, the optimal insemination-to-ovulation interval is between 0 and 24 h 

before ovulation [183]. Extra inseminations after ovulation are not necessarily 

advantageous [184], and late estrus inseminations may even be detrimental [185]. 

Inseminations with 80 mL of either high or low fertility extended boar semen 

treated with 0.5 mL of either 0.15M NaCl supplemented with 2.5 mg/mL bovine 

serum albumin (BSA, EM Science) or with 1x10-7M/mL PAF (2-O-methyl PAF 

C-18, Sigma 60912) diluted in 0.15M NaCl supplemented with 2.5 mg/mL bovine 

serum albumin (EM Science) immediately prior to inseminations. Initial PAF 

dilutions were made in chloroform in polypropylene tubes to prevent loss of PAF 

by adhesion to other plastics. On the day of insemination, the chloroform was 

allowed to evaporate and PAF was reconstituted in 0.15M NaCl supplemented 
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with 2.5 mg/mL BSA. Semen samples for artificial insemination were obtained 

from DANBRED® North America. Semen was collected and extended in 

Androhep® Enduraguard®, a �high quality, long term extender� [187], to 3.5 

billion cells per dose at the facility and shipped in insulated packaging overnight 

on Monday to arrive on Tuesday the week of scheduled inseminations. Long-term 

extenders should extend the life of spermatozoa for 7-10 days. The temperature of 

each shipment was checked to ensure that they arrived at about 18ûC. Semen used 

for the first insemination on the day of semen arrival was categorized as having a 

semen age (SAGE) of zero, and all initial inseminations were conducted within 

five days of semen arrival. One additional shipment of semen was received and 

was included in motility analysis and flow cytometric evaluations, but these 

samples were not used for any insemination results. 

Once both inseminations were completed, gilts were moved back to 

individual crate housing in a gestation barn until just prior to farrowing or until 

they were transported to a slaughter facility. Two gilts from the second breeding 

group and all gilts from the eleventh and twelfth breeding groups were 

slaughtered at about day 30 of gestation to determine ovulation rates by counting 

the corpus lutea (CL) and fertilization/embryonic death rates by counting the 

embryos present in the reproductive tract. The data recorded for each gilt 

designated for slaughter included: 

   1. gilt weight at time of artificial insemination (SAIWT) 

   2. number of normal embryos (SEMB) 

   3. number of mummified embryos (SMUM) 
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   4. number of other types of embryos (SOEMB) 

   5. number of embryos total (STEMB) 

   6. number of CL (SCL) 

   7. conception rate (SCL/STEMB=SCRATE) 

 

The gilts carrying to term were weighed and moved to farrowing stalls a few days 

prior to farrowing. Farrowing data for statistical analysis were collected by farm 

personnel:  

  1. gilt weight at time of artificial insemination (AIWT) 

  2. gilt weight prior to farrowing (PFWT) 

  3. number of piglets born alive (NBA) 

  4. number of piglets stillborn (DEAD) 

  5. number of mummified piglets (MUM) 

  6. number of piglets born otherwise (NBO) 

  7. number of piglets born total (NBT) 

  8. average litter birth weight (ALWT) 

  9. number of piglets weaned (WEAN) 

10. average weaning weight (AWWT).  

 

An unopened tube of extended semen was transported at about 18ûC to the 

Department of Reproductive Endocrinology and Infertility, Greenville Hospital 

System, Greenville, SC. The motilities of semen samples were measured within 6 

h of sample receipt on a Hamilton-Thorne Integrated Optical Visual System 
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(IVOS, version 10.9i) optimized for bull semen analysis. The samples were mixed 

prior to removing a 1 mL aliquot. Samples were placed in a sterile glass tube and 

warmed in a 37ûC heat block for 10 min. Three replicates were generated by 

adding 10 µL of the warmed semen samples to 3 similarly warmed 20 µL aliquots 

of a 10% synthetic serum mixture (Irvine Scientific) diluted to 1% with 

Dulbecco�s phosphate buffered saline (DPBS, Irvine Scientific). The diluted 

samples were mixed, and 5 µL from each aliquot was loaded into 2 chambers of 

2-chamber (Microcell, Conception Technologies) slides pre-warmed to 37ûC for 

immediate analysis within 60 s. Slides were quickly transferred to the IVOS 

where 6 centrally located fields were analyzed from each chamber for each 

aliquot. Averages for percent total motility (MOT) and progressive motility 

(PMOT) were calculated from the 6 chambers. The specific IVOS settings are 

indicated in Table 13.  

For flow cytometry processing, aliquots of extended semen (4 mL) from 

26 boars were incubated in 11 mL of a low bicarbonate (non-capacitating) Talp 

medium (LBTALP) and a high bicarbonate (capacitating) Talp medium 

(HBTALP) at room temperature (Appendix A). After 30 min, a 15 mL aliquot of 

extended semen (RAW) and the 2 aliquots in LBTALP and HBTALP were 

centrifuged at 400g for 5 min to isolate the pellet. Each pellet was fixed in 5 mL 

of 2% formaldehyde (10% ultrapure EM grade; Polysciences, Inc.) in 1X 

phosphate buffered saline (PBS, Fisher Scientific) and stored at 4ûC until prepared 

for flow cytometric analysis. 
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Samples were prepared for flow cytometry analysis using a protocol 

described by Sutovsky et al. [60]. Sample aliquots (100 µL) for UBI fluorescent 

labeling were washed in 400 µL PBS to remove the formaldehyde. The pellet was 

isolated after centrifugation at 400g for 5 min, and resuspended in 400 µL of 0.1% 

Triton-X 100 (Sigma) in PBS for 30 min. Pellets were isolated and resuspended in 

100 µL of filtered 5% normal goat serum (NGS, MPBiomedicals CELLect®) in 

PBS for 45 min at room temperature. A 1% NGS with 0.1% Triton-X 100 was 

used for all remaining washes and antibody dilutions. After blocking, pellets were 

simultaneously incubated overnight at 4ûC with a 1:100 dilution of the 

monoclonal antibody MC-033 (Kamiya) raised against poly-ubiquinated 

lysozyme. Samples were washed and resuspended with the corresponding 

secondary antibody: goat anti-mouse IgM (µ-chain specific) FITC conjugate 

(Sigma F9259) at a 1:80 concentration for 1 h at room temperature. Samples were 

washed twice with 500 µL PBS only and resuspended in PBS for storage in the 

dark at 4ºC until analysis within 12 h. The same procedure was used for PAFr 

fluorescence 
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Table 13: IVOS machine settings for boar motility analysis 

Parameter Setting 

Apply Sort 0 

Frames Acquired 25 

Frame Rate 60 Hz 

Minimum Contrast 30 

Minimum Cell Size 9 Pixels 

Minimum Static Contrast 30 

Straightness Threshold 80% 

VAP Cutoff 25 µm/s 

Medium VAP Cutoff 75 µm/s 

Low VSL Cutoff 0 µm/s 

Head Size, non-motile 5 Pixels 

Head Intensity, non-motile 55 

Static Head Size 0.61 to 2.83 

Static Head Intensity 0.52 to 1.48 

Static Elongation 12 to 91 

Slow Cells Motile YES 

Magnification 1.95 

Video Frequency 60 

Bright Field NO 

LED Illumination Intensity 2400 

IDENT Illumination Intensity 3000 

Integrating Time 1 Frame 
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preparation with a few modifications: Triton-X 100 was not used, a polyclonal 

antibody 160602 (Cayman Chemical) raised against a synthetic peptide from the 

human PAFr was used, and the secondary antibody was a goat anti-rabbit IgG 

FITC conjugate (MPBiomedical, 67237). Negative controls were prepared for 

each extended sample by omitting the respective primary antibody for both UBI 

and PAFr. Some samples were randomly selected for verification of fluorescence. 

Stained and control samples were examined at 1000X on a Nikon Optiphot 2 

microscope under epifluorescent illumination with excitation wavelengths 

corresponding to FITC fluorescence (488nm) and images were captured with a 

SPOT digital camera and software (Diagnostic Instruments Inc.). Exposure time 

was 2.0s with a gain of 16. 

Semen samples were analyzed for UBI and PAFr fluorescence by using a 

FACS Scan Analyzer (Becton Dickinson). A sample of PBS buffer was used to 

calibrate machine settings to eliminate non-specific fluorescence for each 

antibody. A total of 10,000 events were recorded for each sample. Scatter plots 

and histograms of fluorescence were generated for both UBI and PAFr. Median 

and mean values of fluorescence were recorded and used for statistical analysis.  

Data from the slaughter results, farrowing results, motility evaluation and 

flow cytometric evaluation were entered into Microsoft Excel tables and analyzed 

by the SAS statistical package [173]. Descriptive statistics were generated for the 

slaughter and farrowing parameters. An analysis of variance (ANOVA) followed 

by pairwise t-tests was used to determine if there are differences among slaughter 

and farrowing parameters for the different treatment groups or influential factors 
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like gilt or boar breed , season, semen age or the boar used for inseminations. 

Pearson�s correlation coefficients (r) were calculated to evaluate the intensity of 

association among gilt weights and slaughter or litter parameters and also among 

boar semen motility, boar fertility and resulting slaughter or litter parameters. 

Extreme outliers in fluorescent intensity for both PAFr and UBI were identified 

and removed prior to further analysis of flow cytometric results, with outliers 

being greater than 3 times the interquartile range. An ANOVA analysis was used 

to evaluate differences among mean and median fluorescence of PAFr and UBI 

and washing methods, boar used or treatment groups. A significance level of 

p<0.05 was used to determine differences between means or decide that variables 

are associated with each other unless otherwise noted.  

Results 

There were 135 inseminations conducted using 130 different gilts for both 

parts of the study evaluating effects on farrowing and conception rates 

(Appendices B and C). Nineteen of these animals had to be removed from the 

study due to health issues or because they did not cycle during the insemination 

period. A total of 88 insemination attempts were considered for inclusion in the 

statistical analysis of farrowing results. There were 21 inseminations that did not 

produce usable data. Three gilts aborted prior to full term. One aborted 10 normal 

fetuses before being euthanized, and the other two aborted 11 normal and 10 

normal fetuses plus 1 mummified fetus, respectively. These three gilts were in 

three different treatment groups: LC, LT, and HT, respectively. Eighteen 

inseminations did not produce successful pregnancies: 4 in the HT group, 6 in the 
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LC group and 8 in the LT group. There were 67 animals that successfully 

farrowed and produced data for statistical analysis. Average gilt weights and 

general data trends for resulting litter parameters for all successful farrowing 

events are included in Table 14.  

 

Table 14. Gilt weights and averages for litter parameters for successful 
farrowing events 

Variable Number Mean ±SD Minimum Maximum 
AIWT(Kg): 58 319.7 ±35.2 263 390 
PFWT(Kg): 60 439.2 ±45.5 348 565 

NBA: 67 10.4 ±3.6 0 16 
DEAD: 67 0.8 ±1.1 0 4 
MUM: 67 0.1 ±0.2 0 1 
NBO: 67 0.1 ±0.5 0 3 
NBT: 67 11.4 ±3.4 1 17 

ALWT(Kg): 65 3.3 ±0.8 0 5.4 
WEAN: 67 8.8 ±3.5 0 14 

AWWT(Kg): 64 11.6 ±2.0 7.1 15.8 
SAGE(Days): 67 1.2 ±1.3 0 5 

 
 
 

Farrowing rates overall averaged 76% with typical average litter 

parameters: 10.4 NBA, 11.4 NBT, and 8.8 WEAN per litter. Semen age, which 

ranged from 0-5 days, was typically not a factor across all farrowings in most 

parameters measured. Two gilts, 1 cross-bred gilt from the HC group and 1 pure 

landrace gilt from the LC group, were inseminated with 4-day old semen that did 

show slight differences from the other semen age groups. These two produced 

significantly lower average means than the others for: NBA (3.5 versus 10.0-11.8 

piglets), NBT (5.0 versus 10.9-12.3 piglets) and WEAN (3.5 versus 8.5-9.3 

piglets) but higher than average AVLTWT (4.9 versus 3.2-3.5) and MUM (0.5 

versus 0-0.1), which would not necessarily be unexpected with lower litter sizes. 
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Their AWWT was significantly higher than gilts inseminated with 3-day old 

semen (14.0 versus 10.4), but this was not significantly higher than the remaining 

group averages. Semen age was weakly associated (r = 0.3) with ALWT across all 

litters. Gilts inseminated with high fertility semen produced significantly larger 

numbers of piglets born alive (NBA=11.4) than those inseminated with low 

fertility semen (NBA=9.3), but no other parameters were significantly impacted 

by treatment, semen fertility or treatment x fertility interactions. 

Analysis of the 10 litter parameters and SAGE indicated that the only 

parameter that was statistically different between treatment groups was NBT 

(Table 15), and this difference only existed between HT and LT. Results for the 

remaining parameters can be found in Appendix D. Only 4 mummified fetuses 

were noted in 4 separate farrowing events. Three gilts produced data characterized 

as NBO: two died shortly after farrowing and the dead pigs were removed and 

one gilt passed a dead pig three days after farrowing her other pigs. There was no 

obvious association with treatment or other factor, so these two parameters 

(MUM and NBO) are not included in the tables of farrowing results for 

simplicity. The HT group did not have total litter sizes that were statistically 

different from the HC or LC groups, but it did produce larger total litter sizes than 

the LT group.  
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Table 15. Average NBT for successful farrowing events 
within each treatment group 

    
Treatment  N Mean ±SD Minimum Maximum 

HC 19 12.0 ±1.9ab 7 15 
HT 17 12.3 ±2.3a 8 16 
LC 17 11.2 ±4.7ab 3 17 
LT 14 9.9 ±4.1b 1 15 

Means with different superscripts are significantly 
different between treatment groups (p<0.05). 

 
 
 
Temperature can affect fertility of the boar and the gilt, so analysis based 

on the season at time of insemination was also conducted. The analysis was 

conducted in two ways: one looking at the difference between treatments within 

the same season (rows) and the other looking at the difference between seasons 

within the same treatment group (columns) as indicated in Table 16. Some slight 

differences were evident between treatment groups and between seasons for the 

remaining parameters, but the most notable was the difference between treatment 

groups in the spring. High fertility semen produced much higher litter sizes than 

the low fertility semen during the spring inseminations. The low litter numbers in 

the spring subsequently influenced the results within the two low fertility 

treatment groups across all seasons.  

There was little gilt breed effect across all groups and treatments. Four 

parameters show evidence of gilt breed effects: PFWT, NBT, LBWT and SAGE 

(Table 17). Results for the remaining parameters can be found in Appendix E. 

The group of MARKET gilts tended to be heavier than the other gilt types prior to 

insemination. York and MARKET gilts tended to produce larger NBT than the 

CROSS gilts or landrace gilts. Only 2 landrace gilts were used, both in group 2 in 
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different treatment regimes (HT, LC), and these were inseminated with semen 

that was significantly older than that used for the other 3 breeds. Despite this, the 

2 landrace litters had significantly higher ALWT than either crossbred gilt types, 

MARKET and CROSS, or purebred York gilts. Overall, gilt weight at time of AI 

was strongly positively correlated (p<0.01) with increases in NBA (r=0.37), NBT 

(r=0.46) and WEAN (r=0.35), but the overall average gilt weight for low and high 

fertility groups was not significantly different.  
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Table 16. Average litter parameters for each season and treatment group
Season Treatment

Parameter N N N N
AIWT(kg): 1 338.0 1 309.0 2 361.5 1 2 363.0 1

PFWT(kg): 1 399.0 2 1 407.0 2 420.5 2 436.5
NBA: 1 13.0 1 8.0 2 2 11.5 1 2 12.5 1

DEAD: 1 0.0 1 0.0 2 3.5 1 2 1.5
NBT: 1 13.0 1 8.0 2 2 15.0 1 2 14.5 1

ALWT(kg): 1 3.4 1 3.6 2 3.3 2 2 3.5 12

WEAN: 1 9.0 1 8.0 2 10.0 2 10.0 1

AWWT(kg): 1 13.0 1 13.5 1 2 13.3 2 2 12.3
AIWT(kg): 5 296.2 4 296.8 2 290.0 2 4 296.8 12

PFWT(kg): 2 485.0 1 2 465.0 2 449.0 2 451.0
NBA: 5 11.4 a 4 11.5 a;1 2 3.0 b;2 4 3.5 b;2

DEAD: 5 1.2 4 0.0 2 1.0 2 4 1.3
NBT: 5 12.6 a 4 11.5 a;12 2 4.0 b;2 4 4.8 b;2

ALWT(kg): 5 3.0 c 4 3.3 bc 2 4.3 a;1 3 4.0 ab;1

WEAN: 5 9.0 a 4 10.3 a 2 3.0 b 4 3.5 b;2

AWWT(kg): 5 10.7 b 4 12.1 ab;12 2 13.8 a;1 3 10.2 b

AIWT(kg): 5 307.0 4 316.8 6 314.7 12 1 266.0 2

PFWT(kg): 8 423.5 2 6 423.2 8 441.6 3 394.3
NBA: 8 10.8 6 10.8 12 8 8.9 12 3 12.3 1

DEAD: 8 0.6 ab 6 0.8 ab 8 1.4 a;12 3 0.0 b

NBT: 8 11.5 6 11.8 1 8 10.6 12 3 12.3 1

ALWT(kg): 8 3.8 6 3.3 7 3.6 12 3 3.0 2

WEAN: 8 9.1 6 8.7 8 8.5 3 11.3 1

AWWT(kg): 8 12.8 6 12.0 12 7 12.0 12 3 10.7
AIWT(kg): 5 321.8 6 340.2 5 347.4 12 5 333.8 12

PFWT(kg): 5 439.6 12 6 454.5 5 465.0 5 448.0
NBA: 5 11.6 6 12.7 1 5 12.8 1 5 10.0 1

DEAD: 5 0.4 6 1.2 5 0.2 2 5 0.6
NBT: 5 12.0 ab 6 14.0 a;1 5 13.6 a;1 5 10.8 b;1

ALWT(kg): 5 3.3 6 3.0 5 3.1 2 5 3.3 2

WEAN: 5 7.8 6 9.5 5 11.8 5 9.0 1

AWWT(kg): 4 12.6 a 6 9.8 b;2 5 9.4 b;2 5 12.3 a

HT

F
A
L
L

LC LT
MeanMean Mean Mean

W
I
N
T
E
R

S
U
M
M
E
R

S
P
R
I
N
G

HC

Means with different subscripts are significantly different between treatment 
groups (p<0.05). Letters indicate differences within rows (treatment differences) 
and numbers indicate differences between columns (seasonal differences). 
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Table 17. Means of litter parameters significantly different between different gilt 
types 

BREED
Variable N N N N
PFWT(kg): 45 433.9 ab 2 402.0 b 9 483.0 a 4 419.0 b

NBT: 46 11.5 ab 2 7.5 b 12 11.8 a 7 12.0 a

ALWT(kg): 44 3.3 b 2 4.2 a 12 3.7 ab 7 3.1 b

SAGE(days): 46 1.3 b 2 3.5 a 12 1.1 b 7 0.6 b

CROSS LANDRACE MARKET YORK
Mean Mean Mean Mean

Means with different superscripts are significantly different between gilt types 
(p<0.05) 

 
 
 

There were 28 insemination attempts considered for inclusion in the 

statistical analysis for conception rates. Four of the gilts were not pregnant at 

slaughter, but both corpus albicans and CL were evident indicating that the 

animals were cycling. Two were in the LC group, and there was one each in the 

LT and HC groups. One gilt that successfully farrowed in the LC group was 

missing an entire uterine horn and ovary. She had a 62.5% SCRATE (5 embryos 

total). Statistical analysis of the 4 treatment groups with this gilt included yielded 

only one statistically relevant difference between SOEMB for LC and HT groups. 

Since this gilt�s ability to produce normal sized litters was assumed to be 

compromised due to the lack of one uterine horn and ovary, further statistical 

analysis was conducted without this gilt. Removal of this gilt from the analysis 

yielded the same result for SOEMB, but it also produced additional significant 

differences (Table 18). Gilts inseminated with low fertility semen treated with 

PAF had the lowest conception rate and STEMB, but had a SEMB that was not 

significantly different from other groups. Across all gilts, there was a strong 
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correlation between SAIWT and SCL (r=0.62; p<0.01), but there was no 

relationship between SAIWT and SEMB or SCRATE. 

Semen from 16 different boars were used for artificial inseminations, and 

breeds for the inseminations included Duroc (N = 2), Landrace (N = 6) and 

Hampshire/Duroc (N = 8). An additional 7 Duroc and 3 Hampshire/Duroc boars 

were included for the flow cytometry analysis (Appendix F). There was a 

significant boar effect on the average of several litter parameters: NBA, NBT, 

WEAN, DEAD, ALWT and AWWT (Table 19). Some boars produced 

significantly more NBA than others. The same pattern was evident for NBT. The 

6 boars producing the highest NBA also produced 6 out of the 7 highest NBT 

with no statistical difference existing between the top 7. Similarly, the 3 boars 

producing the lowest NBA were also the 3 lowest producing boars for NBT. The 

fertility status of the boar, high (H) or low (L), as previously indicated, was 

related to the litter size; however it is notable that 2 low fertility boars produced 

larger litter sizes than many high fertility boars, and 1 high fertility boar produced 

smaller litter sizes than many low fertility boars. There were no significant 

differences in MUM or NBO, but 1 boar did produce significantly larger numbers 

of stillborn piglets (N=1.9) than 2 boars who produced none. All other boars 

produced some average number of stillborn pigs intermediate to, but not different 

from, these extremes. The differences in the number weaned were directly related 
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Table 18. Embryo counts and resulting conception rates for gilts in different 
treatment groups 

Treatment Variable N SD Minimum Maximum
SAIWT(kg): 7 283.86 48.12 230 367

SEMB: 5 16.00 a 4.00 10 20
SMUM: 1 2.00 . 2 2

SOEMB: 0      . . . .
STEMB: 5 16.40 a 4.34 10 20

SCL: 5 18.00 3.94 14 23
SCRATE(%): 5 90.62 ab 11.99 71.43 100.00

SAIWT(kg): 8 297.88 45.15 246 377
SEMB: 8 12.75 b 2.12 10 16

SMUM: 3 1.33 0.58 1 2
SOEMB: 2 1.00 b 0.00 1 1
STEMB: 8 13.50 ab 1.77 11 16

SCL: 8 15.75 2.25 13 19
SCRATE(%): 8 86.73 ab 13.76 72.22 106.67

SAIWT(kg): 6 289.83 30.00 249 322
SEMB: 4 15.00 ab 1.83 13 17

SMUM: 0      . . . .
SOEMB: 1 2.00 a . 2 2
STEMB: 4 15.50 ab 1.29 14 17

SCL: 4 16.25 2.36 13 18
SCRATE(%): 4 97.08 a 16.92 77.78 115.38

SAIWT(kg): 8 317.25 47.36 262 402
SEMB: 6 12.83 ab 1.83 10 15

SMUM: 1 1.00 . 1 1
SOEMB: 0      . . . .
STEMB: 6 13.00 b 2.10 10 16

SCL: 6 17.33 2.34 15 21
SCRATE(%): 6 76.02 b 15.44 58.82 94.12

Means with different superscripts are significantly different between
treatment groups (p<0.05).

LT

Mean

HC

HT

LC
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to the litter size produced by the boars, but this same pattern was not necessarily 

evident with respect to ALWT or AWWT. The 2 boars producing the 2 smallest 

NBA had 2 of the 3 highest ALWT, and 2 of the top 3 producing boars had the 2 

lowest average ALWT. Interestingly, AWWT did not seem to be consistently 

related to litter size or ALWT. The boar with the highest AWWT had a small 

litter size and an intermediate to low ALWT. Another boar with a small litter size 

produced the lowest AWWT, but had the largest ALWT. The second lowest 

AWWT was produced by a boar with a large litter size and intermediate ALWT. 

Average MOT was 62.6% and 51.1% for all high and low fertility boar samples 

used for gilt inseminations designated for the farrowing results, respectively. 

Average MOT was weakly inversely correlated with DEAD (r=-0.27), but not 

with any other litter parameter or the actual fertility of the boar. The PMOT was 

not significantly correlated with any litter parameter. 
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Visual analysis of spermatozoa indicated that cells exposed to only the 

secondary, but not the primary, antibodies exhibited no discernable fluorescence. 

Samples exposed to both sets of antibodies produced visible fluorescence (Figure 

11). The PAFr fluorescence occurred primarily in the postacrosomal sheath of the 

sperm head. Initial attempts to get UBI fluorescence without permeabilizing the 

cells were unsuccessful. Permeabilization of cells resulted in detectable UBI 

fluorescence, particularly in the head and in cytoplasmic droplets.  

Boar semen samples analyzed separately for PAFr and UBI fluorescence 

were included in the statistical analysis. No outliers were identified for the 

individual fluorescence readings for either PAFr or UBI, and fluorescence of the 

controls was less than the test samples. Statistical analysis revealed that washing 

samples with either a high or low bicarbonate wash prior to fixation significantly 

impacted the resulting average fluorescence for both mean and median PAFr and 

UBI fluorescence (Figure 12; Table 20). The unwashed RAW samples had 

significantly lower fluorescence than either LBTALP or HBTALP washed 

samples, but the washed samples were not statistically different from each other. 

Some differences in PAFr and UBI fluorescence between boars existed, but not 

for all washes for either cellular feature (Tables 21 and 22).  
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Figure 11. Immunofluorescence of PAFr and UBI associated with 
boar spermatozoa (right panel) and the corresponding bright field 
image (left panel). Spermatozoa were labeled with (A) PAFr FITC 
secondary antibody only, (B) PAFr primary and secondary FITC 
antibody, (C) UBI FITC secondary antibody only, and (D) UBI 
primary and secondary FITC antibody. Bars = 1.5 µm (A,B,C), or 
1.7 µm (D) 

A 

B 

C

D 
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Figure 12. Scatter plot typical of flow cytometry sampling events and 
histograms of immunofluorescence from unwashed spermatozoa (A and B) or 
spermatozoa washed in low (C and D) or high (F and G) bicarbonate media 
which were fluorescently tagged with anti-PAFr or anti-UBI antibodies. 
Orange corresponds to immunofluorescence from controls exposed to neither 
antibody, blue corresponds to immunofluorescence from samples exposed to 
secondary FITC antibody only, and yellow corresponds to samples exposed to 
both primary and secondary antibodies. 

PAFr UBI 
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Table 20. Mean and median levels of fluorescence for PAFr and UBI associated 
with boar spermatozoa with or without being washed in low or high 
bicarbonate � containing washes 
  PAFr UBI 

WASH N MEAN 
±SE 

MEDIAN 
±SE 

MEAN 
±SE 

MEDIAN 
±SE 

RAW 23 548.7b 

±50.4 
276.1b 

±37.0 
1310.4b 

±94.9 
1000.3b 

±91.9 
LOW 27 967.6a 

±100.0 
605.4a 

±80.4 
2246.1a 

±169.2 
1856.2a 

±155.4 
HIGH 27 905.9a 

±84.1 
526.3a 

±70.4 
2247.9a 

±50.4 
1791.0a 

±164.7 
Means with different superscripts are significantly different 
between washes (p<0.05) 

 
Table 21. Mean and median levels of fluorescence for PAFr in different 

boar semen samples with or without being washed in low or 
high bicarbonate � containing washes 

WASH:
BOARID MEAN MEDIAN MEAN MEDIAN

1253 636.9 265.5 669.8 275.2 482.1 ab 175.5 ab

1257 653.8 313.4 522.8 207.2 287.3 b 115.5 b

1270 774.3 186.0 1220.5 736.5 472.8 ab 216.7 ab

1283 758.6 406.8 987.3 582.9 449.8 ab 194.6 ab

1295 673.8 327.8 734.9 421.7 701.9 ab 385.4 ab

1298 563.3 261.8 640.3 291.6 378.8 b 189.4 ab

3256 878.2 491.4 816.8 487.0 272.8 b 109.9 b

3372 786.4 523.3 737.2 425.5 610.3 ab 310.6 ab

3421 824.5 481.7 816.1 522.7 646.2 ab 372.7 ab

3518 1240.9 777.4 1340.2 873.8 822.6 ab 429.4 ab

3520 1543.0 996.7 1477.7 1037.7 667.1 ab 330.7 ab

3567 1818.3 1357.7 1223.1 835.4 791.0 ab 461.4 ab

3568 1127.1 673.2 1207.9 756.7 675.1 ab 368.5 ab

4044 277.4 118.6 287.4 125.2 . .
4045 558.8 307.8 1754.9 1512.5 . .
4053 . . . . 483.2 ab 245.8 ab

4079 1459.1 850.5 2662.8 1730.9 . .
4086 428.6 186.0 423.9 184.3 . .
4091 939.6 495.8 645.5 382.0 294.1 b 101.8 b

4093 986.5 691.6 523.4 271.4 . .
4187 565.5 322.0 501.1 307.8 288.8 b 123.0 b

4321 600.1 241.2 657.9 334.4 287.8 b 84.7 b

4409 1138.8 763.5 1277.2 881.7 1166.2 a 763.5 a

4410 1620.8 1186.4 1375.0 991.1 758.4 ab 406.8 ab

MEAN MEDIAN

PAFr
HB LB RAW

 
Means and medians with different superscripts are significantly different 
between boars (p<0.05). 
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Table 22. Mean and median levels of fluorescence for UBI in different boar 
semen samples with or without being washed in low or high 
bicarbonate � containing washes 

WASH:
BOARID MEAN MEDIAN

1253 2750.1 abcdef 2184.6 abcdef 2453.0 cdef g 2044.8 cdefg 994.7 915.6
1257 1833.5 cdefgh 1582.0 cdefgh 1952.8 gh 1654.8 efgh 1059.6 1027.4
1270 3657.0 ab 3248.8 a 4753.6 a 4491.0 a 1621.0 1539.9
1283 2235.4 bcdefg 1945.6 bcdef 2429.8 cdef g 2035.1 cdefg 1295.1 1229.8
1295 3198.0 ab 2689.6 abc 3094.7 b 2763.2 b 1391.1 1309.8
1298 1847.2 cdefgh 1055.5 fghi 2010.8 gh 1640.0 fgh 950.6 716.9
3256 1728.9 defgh 1472.2 defghi 1841.2 ih 1582.0 gh 558.4 410.5
3372 2811.0 abcdef 2458.2 abcde 2899.0 bc 2436.2 cb 1337.3 1175.7
3421 2036.9 cdefgh 1765.6 bcdef 2284.0 def gh 1863.8 cdefg 1157.5 763.6
3518 3000.4 abcde 2392.8 abcde 2753.2 bcd 2308.2 bcde 1491.0 1114.0
3520 3481.9 ab 2772.2 ab 3132.9 b 2412.4 bcd 1522.7 679.8
3567 3842.4 a 3307.7 a 2843.1 bcd 2267.1 bcdef 2211.5 1654.8
3568 2690.3 abcdef 2206.7 abcde 2656.1 bcde 2187.0 bcdefg 1706.0 1370.0
4044 672.1 h 509.4 ghi 541.7 l 429.4 j . .
4045 1785.9 cdefgh 1526.1 defghi 1261.6 jk 1134.2 ih . .
4053 . . . . 1815.0 1472.2
4079 1003.1 gh 588.2 ghi 1365.8 ij 842.9 ij . .
4086 656.3 h 528.0 ghi 769.2 kl 632.1 ij . .
4091 683.7 h 457.3 hi 645.9 l 449.1 j 1117.5 939.0
4093 1572.5 fgh 1333.5 efghi 1828.6 hij 1539.9 gh . .
4187 1580.2 efgh 385.4 i 2106.7 ef gh 1654.8 efgh 790.0 403.2
4321 1908.3 cdefgh 1506.3 defghi 2081.3 f gh 1755.9 defgh 883.1 638.9
4409 2488.5 abcdef 1640.0 bcdefg 2373.7 cdef gh 1730.9 efgh 1698.3 1036.6
4410 3053.9 abcd 2571.3 abcd 2615.5 bcef 2187.0 bcdefg 1981.4 1610.8

MEAN MEDIAN MEAN MEDIAN

UBI
HB LB RAW

 
Means and medians with different superscripts are significantly different 
between boars (p<0.05) 
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Correlation analysis indicated no relationship between either PAFr or UBI 

fluorescence and MOT or FERT across the three different wash types. The lack of 

a relationship with FERT was supported by the lack of a significant difference 

between mean or median PAFr or UBI in different washes for high or low fertility 

semen. There was also no difference between sample fluorescence based on the 

season of collection. With respect to the litter parameters, all PAFr fluorescence 

measures and the UBI fluorescence in the LBTALP and HBTALP were not 

correlated to any litter-related parameter. The RAW UBI fluorescence was 

significantly (p<0.05) positively correlated with NBA (r =0.59), NBT (r=0.55), 

ALWT (r=0.62) and AWWT (r =0.60). Similarly, fluorescence for all PAFr 

measures and for UBI measures in the LBTALP and HBTALP were not 

significantly different for samples used in the treatment groups (Tables 23 and 

24), but UBI fluorescence was different in unwashed samples used for the 

treatment groups. The HC group had mean and median UBI fluorescence that was 

significantly higher than either group receiving low fertility semen. The HT group 

had a level of UBI fluorescence that was intermediate to, but not different from, 

the other three groups. 

 

Table 23. PAFr fluorescence in boar spermatozoa exposed to three different 
wash types used for the different gilt treatment groups 

WASH:
TRT N MEDIAN MEAN N MEDIAN MEAN N MEDIAN
HC 4 430.7 691.8 6 355.5 654.8 3 187.8 407.3
HT 3 481.1 997.3 2 1156.9 1825.1 2 213.0 448.8
LC 4 251.1 502.0 4 587.8 854.4 2 243.6 498.0
LT 1 495.8 939.6 1 382.0 645.5 1 177.8 518.7

MEAN

PAFr
HBTALP LBTALP RAW
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Table 24. UBI fluorescence in boar spermatozoa exposed to three different wash 

types used for the different gilt treatment groups 

 

Discussion 

The litter parameter averages were comparable to those observed in a 

previous study at a commercial facility [191]; however the farrowing rate they 

observed for gilts at a commercial facility was about 96%. Boar fertility and gilt 

size significantly impacted litter sizes in this study. The ovulation rate, conception 

rate and embryonic mortality influence resultant productivity. Acceptable 

ovulation rates for gilts are generally around 18-23 with conception rates of about 

80-85% [187]. The average ovulation and conception rates observed here were 

comparable. No discernable differences were evident in the number of CL 

between gilts of the different treatment groups, but the treatment of semen prior to 

AI in this case seems to have a negative, if any, effect on the conception rate. At 

the time of farrowing, this trend reappears with respect to the NBT. The severely 

depressed productivity in the spring and reduced productivity in the winter 

experienced by low fertility groups would account for the difference seen between 

low and high fertility groups.  

WASH:
TRT N MEDIAN MEAN N MEDIAN MEAN N MEDIAN
HC 3 2176.0 2488.3 2 1845.0 2191.3 4 1428.5 1636.5 a

HT 4 990.0 1512.6 9 1701.0 2016.6 3 1225.1 1404.0 ab

LC 4 2146.2 2621.0 1 2090.8 2432.4 4 1020.0 1124.5 b

LT 3 995.0 1419.9 9 1103.5 1315.5 3 988.6 1153.1 b

Means with different superscripts are significantly different between 
treatments (p<0.05)

MEAN

UBI
HBTALP LBTALP RAW
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A large number of factors can influence litter size produced by gilts. The 

use of gilts for reproductive studies has been problematic in correlating semen 

motility parameters and boar fertility to litter sizes because of the number of 

factors that influence litter size [188]. Age and weight were used to select suitable 

animals for the study, but the gilts were not monitored closely to assess exactly 

when puberty occurred for each gilt. Fewer eggs are ovulated at the first heat 

period than successive heat periods [189], which may be related to weight at time 

of AI, as seen here. Fertilization rates are not generally different in gilts at 

different estrous cycles, which were also observed here, but gilts at first estrus 

will experience higher embryonic mortality than gilts at third estrus [189]. Given 

the close association of these parameters with SAIWT, it appears that weight may 

be the primary influential factor in determining litter size produced by gilts. 

Collectively, there is a large amount of variation that can occur in gilts as 

compared to sows that may be compromising the ability to see an effect from PAF 

treatment of semen prior to AI; therefore, further work using sows with a parity 

greater than 1 that have attained full size might demonstrate a treatment effect 

when PAF is added to low fertility boar semen. It is possible that older sows may 

receive more of an observable benefit in productivity from PAF treated semen 

than gilts. In addition, the use of MATRIX� could assist in maximizing 

conception rates because of its ability to increase ovulation rates [190]. The 

ovulation rate and subsequent conception rates may exceed the number of fetuses 

that their uteri can support. Subsequent loss would occur to adjust to the amount 

of space available and allow the larger gilts to farrow larger litter sizes. Again, the 
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use of sows at higher parity levels would have the maximum amount of space 

available for fetus support and may be a more beneficial model for further work. 

An earlier study at a commercial facility where pooled boar semen was 

supplemented with PAF prior to AI, the facility managers requested the continued 

use of PAF despite the fact that it was not shown to have any statistically 

significant effects in either gilts or sows [191]. They had not had an average litter 

size larger than 10 since the study ended which suggested a beneficial effect may 

have been expressed either in actual litter size or that the study may have induced 

improved management. Higher fertility boars have higher PAF levels in 

spermatozoa than lower fertility boars, but fertility appears to plateau with respect 

to PAF levels [170]. In addition, resulting litters from mixed semen samples often 

tend to favor one male [192]. If pooled semen from high fertility boars was used 

in the earlier study, it is possible that adding exogenous PAF would mask or fail 

to detectably increase fertility and could even be detrimental. The results from 

this study still do not indicate a benefit from adding PAF to semen from either 

high or low fertility boars.  

A PAF final concentration of 10-7 M/mL was selected because this was 

one of the concentrations used in the previous trial at the commercial facility 

[191]. This is also the concentration used to treat mouse embryos prior to 

intraoviductal transfer that resulted in increased birth rates in mice [123]. The 

semen used for insemination may not receive as much of a benefit from PAF 

supplementation as expected. Boar fertility is based on their ability to generate 

successful pregnancies. Since fertilization requires the successful accomplishment 
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of many steps, such as capacitation, hyperactivation, zona pelucida penetration 

and male pronuclei formation, any number of problems may exist in a poor 

fertility boar. Hence, a given poor fertility boar may not benefit from PAF 

treatment. High levels of PAF is detrimental to sperm plasma membrane integrity 

[106], so it is possible that the addition of exogenous PAF to extended semen may 

even cause detrimental effects if higher PAF levels are already present. Low 

fertility boars have lower PAF levels [170], so it is not likely that the addition of 

exogenous PAF to low fertility boar semen would have this effect and cause the 

observed reduction in litter sizes. One explanation for the lack of treatment 

benefit could be the presence of higher PAF-acetylhydrolase (PAF-AH) activity 

in the seminal fluid of boars [67]. The presence of PAF-AH is dependent on 

animal age and season, so it is possible that PAF-AH presence converted the 

exogenous PAF to its inactive precursor and eliminated treatment effects. An 

additional factor could be that cells can become desensitized to exogenous PAF. 

Platelets treated with low PAF concentration for a short period become 

unresponsive to higher concentrations which may result from a reduction in 

affinity for PAF or in the reduction in the amount of PAFr [193]. Therefore, the 

inclusion of additional PAF at the time of insemination possibly may not be 

beneficial to sperm cells if they are responding similarly to the platelets.  

It should be noted that these boars are kept in a controlled environment 

housing arrangement. Boars kept in such conditions would not experience the 

normal fluctuations in temperature and ambient light. Such conditions may reduce 

detrimental seasonal effects and help maintain the boars at a more consistent state 
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biologically unless underlying circadian rhythms are particularly intense and 

facilitate seasonal effects, either beneficial or detrimental. Wild European pigs are 

seasonal breeders with breeding occurring from January to May. Reproductive 

status of boars is ultimately controlled by the release of gonadotropin releasing 

hormone (GnRH) by the hypothalamus in response to stimuli such as temperature 

or age. The release of GnRH influences the release of follicle stimulating 

hormone that stimulates the testes and controls spermatogenesis and luteinizing 

hormone that influences testosterone production. Adjusting the natural 

environment may ultimately alter normal physiological processes and impact 

sperm production and maturation. Such impacts may be minimal where boars are 

maintained at �optimal� environmental conditions; however even slight 

alterations could impact semen quality by altering the protein composition of the 

seminal fluid. Heat stress in particular alters sperm production and motility. 

Effects, particularly the increase in abnormal morphology and the reduction of 

motility, are not usually evident for 2 weeks, but they can persist for several 

weeks once they appear [194]. Controlling the environment the boars are housed 

in should reduce, but may not entirely eliminate, seasonal effects.  

The gilts were not housed in environmentally controlled environments 

during quarantine or gestation, so they will be directly impacted by seasonal 

changes in temperature and light. Gilt reproductive performance can also be 

impacted by heat stress. Gilts exposed to high ambient temperatures during 

breeding and early pregnancy can have reduced conception rates and produce 

fewer viable embryos [195]. Heat stress in late pregnancy can lead to reduced 
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litter birth weights and fewer numbers of live pigs being born [195]. If seasonality 

is considered a strong influence, then it would be expected that gilts bred in the 

early spring would produce the largest and healthiest litters. Farrowing for these 

gilts would occur prior to summer heat that could impact litter parameters. Gilts 

bred in late spring may experience some reduced productivity because of potential 

heat exposure in late pregnancy. Gilts bred during periods of excessive heat 

would suffer higher consequences. 

It would be expected that gilts bred during summer or early fall would 

produce the smallest litters since conception rates and the production of viable 

embryos would be impacted. When high fertility semen was used, there was a 

general trend of having reduced litter sizes during the summer and fall 

insemination periods. For gilts inseminated with low fertility semen; however, 

animals inseminated in the spring produced notably lower litter sizes than those 

inseminated in other seasons. Two different boars are represented in the two 

different low fertility groups inseminated in the spring. All six gilts used for the 

low fertility groups during the spring inseminations had lower weights at AI than 

average, so this could have impacted litter sizes more noticeably than observed in 

other seasons. There were no noticeable impacts on reproduction for groups 

inseminated in the warmer summer months, but, collectively, the low fertility 

groups inseminated in the fall did produce the highest number of stillborns as 

compared to any other group. They also produced the largest litter sizes on 

average as compared to any other group including those inseminated with high 

fertility semen. These gilts all had higher weights at AI than average, so their 
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increased size would have influenced this parameter. The combination of being 

able to carry larger litter sizes and the potential impact of heat stress may have 

resulted in the larger number of stillborns observed.  

The amount of PAFr on a cell will ultimately affect the ability of 

exogenous PAF to have any affect, so it was important to evaluate the levels of 

PAFr on the spermatozoa of boars used. Ubiquitin was also measured as a 

potential marker of defective spermatozoa. The level of PAFr and UBI measured 

on boar semen was affected by washing prior to fixation with formaldehyde. All 

samples were similarly extended at the time of collection prior to shipping, and 

then either washed in TALP media or left unwashed prior to fixation with 

formaldehyde. Both capacitating and non-capacitating wash media produced 

higher levels of fluorescence as compared to unwashed semen. Either the dilution 

effect from the wash or the chemicals within the wash itself altered membrane 

features that allowed for increased antibody binding and subsequent increases in 

fluorescence. Washing with TALP solutions can reveal molecules that have been 

masked or inactivated by seminal plasma and increase the detection of those 

molecules by antibody labeling [196]. Uncapacitated sperm would not naturally 

experience these changes until they enter the female reproductive tract. 

Alternatively, washing may be altering membrane features that improve the 

ability of formaldehyde to bind. It has been shown that fixation in formaldehyde 

increases fluorescence in PAF-activated equine platelets [197]. Artificially 

elevated levels of fluorescence may interfere with data interpretation. 
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There was no relationship between PAFr or UBI and semen total motility, 

progressive motility or fertility; however, UBI in unwashed samples demonstrated 

a direct relationship with increases in litter size and weights. This relationship is 

reinforced by the fact that high fertility treatment groups exhibited higher UBI 

levels in unwashed samples than the low fertility treatment groups. The PAFr 

fluorescence in unwashed samples, although not correlated with litter parameters, 

was higher in low fertility treatment groups. It is possible that defective cells may 

have a potential problem with signaling mechanisms that trigger an upregulation 

of PAFr production to compensate. These relationships were not observed in the 

washed samples implying that the wash is altering surface components associated 

with these antibodies. When fluorescence differences were assessed for individual 

boars, PAFr showed some boars had varying levels of PAFr fluorescence in the 

unwashed but not the washed samples. UBI only showed differences in the 

washed but not the unwashed samples for individual boars  

The present study identifies PAFr fluorescence on unwashed samples to be 

an indicator of low fertility in boars and UBI fluorescence is an indicator of high 

fertility in boars. Washing of samples, which was intended to simulate natural 

conditions once semen is deposited in the female, alters the availability of 

antibody binding sites for both PAFr and UBI. The use of exogenous treatment of 

PAF in semen samples prior to AI might have differential effects depending on 

how the receptor sites are being altered by the conditions within the female.  
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CHAPTER 4 

     CONCLUSION 

Motility measures can vary widely between evaluation methods, but each 

method produces qualitatively similar results for a given sample. The reliability of 

motility results will depend on defining appropriate machine settings for CASA 

measurements and proper sample handling. Care should be taken when comparing 

quantitative results between methods of measurement. CASA generated data are 

historically more reproducible and provide a valuable tool for scientific studies. 

Since the differences between the three motility measures were so consistent, any 

one measure can be reliable as a qualitative assessment of motility. The difference 

between all three raises the question as to which method is the most accurate. 

Machine estimates will most likely be more precise because the criteria used to 

determine motility will remain constant throughout all observations, unlike visual 

estimates were the counter can make subjective decisions that change over time or 

between samples. The variation between manual estimates could vary more 

making it more difficult to assess relationships between motility and other criteria, 

such as PAFr or UBI. The CASA systems; however, present their own problem. 

The differences between the two machines present problems for the scientific 

community. For instance, improper assessment of debris and drifting cells can 

skew results. In addition, results using one CASA system may not necessarily be 

comparable with those of a different system because differing criteria may be 

used to determine motility and the associated parameters. 
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Currently, sperm motility is one of the primary factors in assessing the 

fertility of a male bull or boar. This study did not show a relationship between 

motility of extended boar semen and either boar fertility or the resultant litter 

parameters. Similarly, another study showed no relationship between total 

motility and litter size until semen was stored for at least 7 days in extender [188]. 

No fertility information was available for the bulls, so a relationship between 

motility and bull fertility could not be assessed. Sperm motility can be improved 

by PAF presence, and PAF has been associated with increases in fertility. This 

study indicated some benefit to litter size may be obtained from adding PAF to 

high fertility semen prior to AI of cycling gilts, but gilts receiving low fertility 

semen received no benefit from PAF treatment; however, it should be noted that 

there was considerable variation in litter sizes that would make it difficult to 

demonstrate a significant result. Gilt weight was a predominant factor affecting 

ovulation rates and subsequent litter sizes, so treatment effects may be more 

noticeable in older sows that have attained maximum size and are capable of 

producing and maintaining a maximum number of embryos that can be carried to 

term. 

Litter size was highly impacted by the boar fertility status where fertility 

was based on farrowing rates as determined by the supplier. There is a real need 

to find measurable markers that predict fertility so that high fertility animals can 

be detected quickly and low fertility animals can be culled. The presence of PAFr 

on sperm cells should be associated with increases in motility, normal sperm 

morphology, male fertility and litter size. For the bull semen samples, no 
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relationship with total motility was observed, but there was a negative relationship 

with progressive motility. In a similar study, bull semen motility was correlated 

with increased PAFr [176], but the authors indicated that PAFr in white blood 

cells present in the samples influenced their results. Fungal contamination may 

have compromised the results for the bull semen samples in this study, but no 

relationship was assessed between boar total motility and PAFr presence when 

fungal contamination was not an issue. In addition, no relationship was 

determined between PAFr and boar fertility or resultant litter parameters. The 

presence of PAFr as determined on an entire cell with flow cytometry may not be 

the best option for measuring PAFr as a marker for fertility since reports indicate 

that PAFr fluorescence may differ between spermatozoa regions [177]. Measuring 

PAFr expression levels may be a better assessment tool to link altered PAFr 

expression with abnormal cellular function and the potential link to fertility 

problems. 

Increasing levels of ubiquitin should be associated with reductions in 

motility, normal morphology, male fertility and litter sizes. Increasing UBI 

fluorescence in bull semen samples was associated with reductions in motility 

unlike what has been previously observed [176], but both studies demonstrate a 

negative relationship between UBI fluorescence and normal morphology in bull 

semen samples. There was no discernable relationship between UBI fluorescence 

and boar fertility as determined by farrowing rates, but there was a strong positive 

relationship between UBI fluorescence and increasing litter sizes and weights. In 



 

98 

 

this case, ubiquitination would be considered a beneficial marker for increasing 

productivity in pigs.  

The relationship between UBI and gilt productivity was only evident in 

extended boar semen samples that had not been washed in a TALP solution prior 

to being fixed in formaldehyde. Both UBI and PAFr displayed lower levels of 

fluorescence in unwashed samples as compared to samples washed in either high 

or low-bicarbonate TALP solutions. This indicates that the washing process or the 

basic composition of the TALP solutions, irregardless of the amount of 

bicarbonate, altered cellular features allowing for increased fluorescence. An 

additional influx of bicarbonate or other mineral components may be changing the 

physiological composition of cells by stripping them of additional seminal plasma 

proteins that would otherwise interfere with antibody labeling processes [196]. 

Alternatively, the additional components of the wash media may be eliciting 

cellular responses that are altering membrane or cellular features that increase 

availability of antibody binding sites that lead to increased fluorescence. 

Bicarbonate is a key component in inducing capacitation by initiating a cascade of 

events: increasing the activity of an adenylyl cyclase which increases cyclic AMP 

levels that activate protein kinases [198]. Ultimately, the response to bicarbonate, 

particularly in physiologically appropriate temperatures and CO2 levels, can 

initiate membrane architecture modifications very quickly. Such modifications 

may have occurred during TALP exposure that altered antibody binding sites. 

PAF is now considered one of the most potent lipid messengers involved 

in physiological processes. It�s ability to improve intrauterine insemination 



 

99 

 

outcomes in humans [181][199], and its inclusion in intrauterine insemination 

protocols by the Reproductive Biology Associates, Georgia�s first in vitro 

fertilization treatment center, clearly indicates that PAF has the potential to 

impact reproduction in agriculturally important animals as well. With a rapidly 

increasing world population and a subsequent increase in demand for food, 

suppliers need to maximize production schedules to meet the growing needs of 

our society. The use of PAF to enhance reproductive capacity, and the ability to 

use PAFr or ubiquitin as potential markers of fertility, can lead to more efficient 

operations that enable producers to maximize production and profit and more 

easily identify animals with high fertility semen.  

Numerous factors can influence gilt productivity or boar fertility. Future 

projects could include first evaluating boars for PAFr levels. Based on PAFr 

levels (high versus low), several boars could be identified to be used in PAF-

treatment trials as conducted here, but sows would be a better option for the 

inseminations. Boars with high levels of PAFr may have upregulated levels due to 

an inability to initiate a response to PAFr binding, and boars with defective or low 

numbers of PAFr may not be able to respond adequately to PAF exposure. Similar 

studies could be designed using UBI levels instead. By focusing in on a small 

number of animals using their semen characteristics as distinguishing factors, we 

may be better able to see the ultimate effect on litter sizes.  
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Appendix A 

 
TALP Solutions 

 
Stock Solution: 
     
  Low Bicarbonate 

Talp 
 High Bicarbonate 

Talp 
  Amount (g)  Amount (g) 

NaCl:  6.662  5.844 
KCl:  0.231  0.231 

NaHCO3:  0.168  2.100 
Sodium Lactate  

(C3H5NaO3): 
 

1.121  2.421 
NaH2PO4:  0.041  0.041 

CaCl2:  0.222  0.222 
MgCl2:  0.102  0.081 

HEPES:  2.383  2.383 
 
Working medium:  
     
  Low Bicarbonate 

Talp 
 High Bicarbonate 

Talp 
  Amount (g)  Amount (g) 

Sodium Pyruvate  
(C3H3NaO3): 

 
0.0022 

 
0.011 

Bovine Serum Albumin:  0.3  0.6 
 
Bring up to 1L to make stock solution. Adjust pH to 7.3, filter, store at 4ûC for up 
to six months. To make the working medium, add additional components to 100 
ml of stock solution and store at 4ûC for up to three days. 
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Appendix B 
 

Basic data for each gilt used 
 

Group Treatment  Gilt ID Gilt Breed 
Boar 
ID SAGE 

AIWT 
(Kg) 

PFWT 
(Kg) 

1 HT O199 CROSS 3238 2 . 370 
1 LC O204 CROSS 3221 2 . . 
1 HC O44 CROSS 3238 4 . . 
1 HT R16 DUROC 3238 5 . . 
1 LC R19 DUROC 3221 4 . . 
1 LT W500 MARKET 3221 3 . . 
1 LT Y73 YORK 0 . . . 
1 HC Y74 YORK 0 . . . 
2 LC G15 LANDRACE 4091 4 . 397 
2 HT G17 LANDRACE 4053 3 . 407 
2 LC O202 CROSS 4091 3 . 399 
2 LT O203 CROSS 0 . . . 
2 HC O206 CROSS 4053 4 . 424 
2 LT O207 CROSS 4091 3 . 440 
2 HC O209 CROSS 4053 3 . 420 
2 HC O210 CROSS 4053 3 . 434 
2 HT Y73 YORK 4053 5 . . 
2 LT Y74 YORK 4091 5 . . 
3 LT O61a CROSS 4091 1 . 348 
3 LC O62 CROSS 0 . . . 
3 HT O63 CROSS 4079 2 . 351 
3 LT Y51 YORK 0 . . . 
3 HC Y52 YORK 0 . . . 
3 LC Y54 YORK 0 . . . 
3 HT Y58 YORK 0 . . . 
3 HC Y59 YORK 0 . . . 
4 LT O214 CROSS 4045 0 387 466 
4 HC O215 CROSS 4093 0 310 413 
4 HC O216 CROSS 4093 0 291 395 
4 HT O217 CROSS 4093 0 374 460 
4 LC O218 CROSS 4045 0 390 409 
4 LC O219 CROSS 4045 0 366 499 
4 HT O221 CROSS 4093 0 279 360 
4 LC O222 CROSS 4045 0 292 398 
4 LT O223 CROSS 4045 0 275 382 
4 LT Y81 YORK 4045 0 327 423 
4 HC Y82 YORK 4093 0 338 435 
4 HT Y83 YORK 4093 0 370 419 
5 . 48-2 . 0 . . . 
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Group Treatment  Gilt ID Gilt Breed 
Boar 
ID SAGE 

AIWT 
(Kg) 

PFWT 
(Kg) 

5 HT O1 CROSS 4086 1 340 506 
5 HC O10 CROSS 4086 1 331 480 
5 LC O11 CROSS 4044 2 390 565 
5 LT W218 MARKET 4044 3 308 . 
5 HC W269 MARKET 4086 3 339 475 
5 HT W283 MARKET 4086 1 361 530 
5 HT W289 MARKET 4086 1 317 452 
5 LT W300 MARKET 4044 1 341 476 
5 LC W320 MARKET 4044 1 299 454 
5 LC W326 MARKET 4044 1 274 . 
5 LT W346 MARKET 4044 1 339 493 
6 LT O26 CROSS 3256 1 311 . 
6 LT W218 MARKET 3256 2 350 . 
6 HT W515 MARKET 4187 1 283 . 
6 LC W531 MARKET 3256 2 300 . 
6 LT W544 MARKET 3256 3 305 . 
6 HC W550 MARKET 4187 1 310 . 
6 HT W595 MARKET 4187 3 264 . 
6 LT W597 MARKET 3256 2 293 . 
6 LC W617 MARKET 3256 1 284 . 
6 LC Y60 YORK 3256 1 315 . 
6 HT Y61 YORK 4187 1 320 . 
6 HC Y62 YORK 4187 1 297 . 
6 HC Y64 YORK 4187 1 263 . 
7 LC O27 CROSS 1298 6 292 . 
7 LT O28 CROSS 1298 0 311 490 
7 HC O29 CROSS 3372 1 296 474 
7 LT O30 CROSS 1298 0 272 412 
7 LC O31 CROSS 1298 1 317 460 
7 HT O32 CROSS 3372 1 264 458 
7 HC O34 CROSS 3372 0 315 496 
7 HT O35 CROSS 3372 1 320 472 
7 LC O36 CROSS 1298 2 263 438 
7  O38 CROSS 0 . . . 
7  O39 CROSS 0 . . . 
7  O40 CROSS 0 . . . 
8 LC O42 CROSS 1253 0 335 459 
8 HT O43 CROSS 1257 2 298 . 
8 HC O45 CROSS 1257 5 266 406 
8 HT O46 CROSS 1257 3 287 409 
8 LT O49 CROSS 0 . 289 . 
8 HC O51 CROSS 1257 2 326 . 
8 LT O52 CROSS 1253 0 298 . 
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Group Treatment  Gilt ID Gilt Breed 
Boar 
ID SAGE 

AIWT 
(Kg) 

PFWT 
(Kg) 

8 LT O53 CROSS 1253 1 280 . 
8 LC O54 CROSS 1253 2 322 456 
8 LC O57 CROSS 1253 0 298 405 
8 HC O58 CROSS 1257 1 273 384 
8 HT O59 CROSS 1257 5 306 443 
9 LT O49 CROSS 1295 2 327 . 
9 HT O60 CROSS 1270 2 350 466 
9 HC O61b CROSS 1270 1 330 438 
9 . O62 CROSS 0 . . . 
9 HT O63 CROSS 1270 2 319 . 
9 LC O64 CROSS 1295 0 336 . 
9 LC O65 CROSS 1295 2 290 427 
9 LC O66 CROSS 1295 2 297 427 
9 HC O67 CROSS 1270 1 355 445 
9 HT O68 CROSS 1270 1 324 463 
9 LC O69 CROSS 1295 1 342 . 
9 LT O70 CROSS 1295 2 266 395 
9 LC W595 MARKET 1295 1 346 563 
9 HC W840 MARKET 1270 0 311 437 

10 LC O75 CROSS 1253 1 323 . 
10 LC O76 CROSS 1253 1 345 . 
10 HT O77 CROSS 1283 1 309 407 
10 LT O78 CROSS 1253 0 336 408 
10 . O79 . 0 . . . 
10 LC O80 CROSS 1253 0 354 374 
10 LT O81 CROSS 1253 0 390 465 
10 HT O82 CROSS 1283 2 346 . 
10 . W1008 . 0 . . . 
10 LC W1010 MARKET 1253 0 369 467 
10 LT Y1 YORK 1253 4 301 . 
10 HC Y70 YORK 1283 1 338 399 
11 LT O100 CROSS 4321 1 335 . 
11 LT O101 CROSS 4321 1 352 . 
11 HT O102 CROSS 3520 0 325 . 
11 LC O103 CROSS 4321 0 309 . 
11 HC O104 CROSS 3520 0 324 . 
11 HT O105 CROSS 3520 0 342 . 
11 HC O106 CROSS 3520 1 275 . 
11 HC O109 CROSS 3520 1 367 . 
11 HT O63 CROSS 3520 1 377 . 
11 LT O69 CROSS 4321 1 402 . 
11 LC W1367 MARKET 4321 0 322 . 
11 LC Y39 YORK 4321 0 315 . 
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Group Treatment  Gilt ID Gilt Breed 
Boar 
ID SAGE 

AIWT 
(Kg) 

PFWT 
(Kg) 

12 LC G46 LANDRACE 4321 3 249 . 
12 LC W1657 MARKET 4321 1 263 . 
12 HT W1659 MARKET 3421 1 280 . 
12 LT W1670 MARKET 4321 1 284 . 
12 LC W1685 MARKET 4321 0 281 . 
12 HT W1687 MARKET 3421 1 279 . 
12 HC W1702 MARKET 3421 3 230 . 
12 LT W1705 MARKET 4321 0 269 . 
12 HC W1710 MARKET 3421 1 284 . 
12 LT W1711 MARKET 4321 0 301 . 
12 HT W1712 MARKET 3421 0 272 . 
12 LC W1718 MARKET 4321 0 268 . 
12 HC W1720 MARKET 3421 1 270 . 
12 LT W1725 MARKET 4321 0 333 . 
12 HT W1727 MARKET 3421 0 246 . 
12 HC W1767 HAMP 3421 2 237 . 
12 LT W1807 DUROC . . 262 . 
12 HT Y47 YORK 3421 1 262 . 
Note: Group 1 gilts were not used in the statistical analysis because spermatozoa 
concentrations used in high and low fertility semen samples were not equal for 
this group and were different for what was used in the remaining groups. 
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Appendix C 
 

Farrowing and fertilization/embryonic death results for all gilts 
 

Gilt ID SEMB SCL NBA DEAD MUM NBO NBT
ALWT 
(Kg) WEAN 

AWWT 
(Kg) 

O199 . . 7 0 0 0 7 4.03 6 12.35 
O204 . . . . . . . . . . 
O44 . . . . . . . . . . 
R16 . . . . . . . . . . 
R19 . . . . . . . . . . 

W500 10 11 10 0 0 . . . . . 
Y73 . . . . . . . . . . 
Y74 . . . . . . . . . . 
G15 . . 3 0 0 0 3 4.40 3 15.53 
G17 . . 11 1 0 0 12 4.04 11 11.64 
O202 . . 7 3 0 0 10 3.80 7 7.11 
O203 . . . . . . . . . . 
O206 . . 4 2 1 0 7 5.38 4 12.45 
O207 . . 14 0 0 0 14 2.96 11 9.58 
O209 . . 9 2 0 0 11 3.34 8 11.23 
O210 . . 15 0 0 0 15 3.65 11 12.47 
Y73 . . . . . . . . . . 
Y74 . . . . . . . . . . 
O61a . . 10 0 0 0 10 2.98 10 12.08 
O62 . . . . . . . . . . 
O63 . . 7 1 0 0 8 3.41 7 14.54 
Y51 . . . . . . . . . . 
Y52 . . . . . . . . . . 
Y54 . . . . . . . . . . 
Y58 . . . . . . . . . . 
Y59 . . . . . . . . . . 
O214 . . 14 0 0 0 14 2.68 12 10.88 
O215 . . 13 0 0 0 13 2.19 0 0.00 
O216 . . 9 0 0 0 9 3.93 9 15.51 
O217 . . 12 4 0 0 16 2.72 10 12.32 
O218 . . 16 0 0 0 16 2.60 13 9.66 
O219 . . 13 1 0 0 14 3.16 13 9.09 
O221 . . 13 0 0 0 13 2.85 8 9.23 
O222 . . 14 0 0 0 14 3.09 13 7.86 
O223 . . 11 0 0 0 11 3.48 9 13.01 
Y81 . . 8 0 0 0 8 3.24 8 14.15 
Y82 . . 15 0 0 0 15 3.22 13 11.72 
Y83 . . 14 1 0 0 15 2.72 14 9.13 
48-2 . . . . . . . . . . 
O1 . . 11 0 0 0 11 3.28 11 9.90 

O10 . . 11 1 0 0 12 3.36 9 11.40 
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Gilt ID SEMB SCL NBA DEAD MUM NBO NBT
ALWT 
(Kg) WEAN 

AWWT 
(Kg) 

O11 . . 13 0 0 0 13 3.06 13 11.38 
W218 . . . . . . . . . . 
W269 . . 10 1 0 0 11 3.72 8 11.58 
W283 . . 14 1 0 0 15 3.49 12 10.13 
W289 . . 12 1 0 1 14 3.05 2 8.00 
W300 . . 8 3 1 0 12 3.45 8 10.24 
W320 . . 8 0 0 3 11 3.56 7 9.07 
W326 . . . . . . . . . . 
W346 . . 9 0 0 0 9 3.66 8 13.18 
O26 . . 3 2 0 0 5 4.53 3 8.63 

W218 . . . . . . . . . . 
W515 . . 12 0 0 0 12 3.52 12 12.11 
W531 . . . . . . . . . . 
W544 . . . . . . . . . . 
W550 . . 10 3 0 0 13 3.49 9 10.31 
W595 . . . . . . . . . . 
W597 . . 5 1 0 0 6 4.06 5 11.68 
W617 . . . . . . . . . . 
Y60 . . . . . . . . . . 
Y61 . . 11 0 0 0 11 3.09 9 13.11 
Y62 . . 9 2 0 0 11 2.46 9 9.69 
Y64 . . 10 1 0 0 11 3.25 8 13.15 
O27 . . . . . . . . . . 
O28 . . 6 1 0 0 7 3.50 6 10.23 
O29 . . 14 0 0 0 14 2.86 6 9.43 
O30 . . 0 1 0 0 1 0.00 0 0.00 
O31 . . 2 2 0 0 4 4.85 2 13.90 
O32 . . 12 0 0 0 12 2.98 10 10.85 
O34 . . 14 0 0 0 14 2.96 13 11.05 
O35 . . 11 0 0 0 11 3.55 10 12.44 
O36 . . 4 0 0 0 4 3.80 4 13.65 
O38 . . . . . . . . . . 
O39 . . . . . . . . . . 
O40 . . . . . . . . . . 
O42 . . 14 2 0 0 16 3.02 14 12.71 
O43 . . . . . . . . . . 
O45 . . 11 0 0 0 11 3.28 7 13.49 
O46 . . 11 0 0 0 11 2.95 10 9.34 
O49 . . . . . . . . . . 
O51 . . . . . . . . . . 
O52 . . . . . . . . . . 
O53 . . . . . . . . . . 
O54 . . 10 0 0 0 10 3.41 9 11.21 
O57 . . 0 1 0 3 4 0.00 0 0.00 
O58 . . 12 0 0 0 12 2.83 12 11.38 



 

111 

 

Gilt ID SEMB SCL NBA DEAD MUM NBO NBT
ALWT 
(Kg) WEAN 

AWWT 
(Kg) 

O59 . . 11 1 0 0 12 3.60 10 11.23 
O49 . . . . . . . . . . 
O60 . . 14 1 0 0 15 3.00 6 12.33 
O61b . . 11 1 0 0 12 3.99 9 14.80 
O62 . . . . . . . . . . 
O63 . . . . . . . . . . 
O64 . . 0 0 0 10 10 0.00 0 0.00 
O65 . . 10 4 0 0 14 3.92 10 14.19 
O66 . . 14 1 0 0 15 2.85 13 10.89 
O67 . . 12 0 0 0 12 3.18 11 11.25 
O68 . . 11 1 1 0 13 2.83 8 13.05 
O69 . . . . . . . . . . 
O70 . . 13 0 0 0 13 3.08 13 10.32 

W595 . . 13 0 0 0 13 3.93 12 12.11 
W840 . . 12 0 0 0 12 5.03 11 15.52 
O75 . . . . . . . . . . 
O76 . . . . . . . . . . 
O77 . . 8 0 0 0 8 3.63 8 13.53 
O78 . . 12 1 1 0 14 3.56 9 13.13 
O79 . . . . . . . . . . 
O80 . . 14 3 0 0 17 2.94 11 10.85 
O81 . . 13 2 0 0 15 3.37 11 11.40 
O82 . . 0 0 0 0 14 . . . 

W1008 . . . . . . . . . . 
W1010 . . 9 4 0 0 13 3.73 9 15.79 

Y1 . . . . . . . . . . 
Y70 . . 13 0 0 0 13 3.39 9 12.99 
O100 12 19 . . . . . . . . 
O101 14 21 . . . . . . . . 
O102 13 19   1      
O103 16 18 . . . . . . . . 
O104 20 23 . . . . . . . . 
O105 13 18 . . . . . . . . 
O106 . . . . . . . . . . 
O109 18 19 . . . . . . . . 
O63 15 18 . . . . . . . . 
O69 . . . . . . . . . . 

W1367 14 18 . . . . . . . . 
Y39 17 16 . . . . . . . . 
G46 . . . . . . . . . . 

W1657 13 13 . . . 2 . . . . 
W1659 10 13 . . . 1 . . . . 
W1670 14 15 . . . . . . . . 
W1685 . . . . . . . . . . 
W1687 13 14 . . . 1 . . . . 
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Gilt ID SEMB SCL NBA DEAD MUM NBO NBT
ALWT 
(Kg) WEAN 

AWWT 
(Kg) 

W1702 14 14 . . . . . . . . 
W1705 15 17 . . 1 . . . . . 
W1710 . . . . . . . . . . 
W1711 10 17 . . . . . . . . 
W1712 10 15 . . 1 . . . . . 
W1718 5 . . . . .     
W1720 18 20 . . 2 . . . . . 
W1725 12 15 . . . . . . . . 
W1727 12 14 . . 2 . . . . . 
W1767 10 14 . . . . . . . . 
W1807 . . . . . . . . . . 

Y47 16 15 . . . . . . . . 
Note: Group 1 gilts were not used in the statistical analysis because spermatozoa 
concentrations used in high and low fertility semen samples were not equal for 
this group and were different for what was used in the remaining groups. 
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Appendix D 
 

All results for Table 15 
 

     
Treatment Parameter N Mean ±SD Minimum Maximum 

AIWT (Kg): 16 310.2 ±27.7 263 355 
PFWT (Kg): 16 434.7 ±32.8 384 496 

NBA: 19 11.3 ±2.6 4 15 
NBT: 19 12.0 ±1.9ab 7 15 

WEAN: 19 8.7 ±3.1 0 13 
ALWT (kg): 19 3.4 ±0.8 2.19 5.38 

AWWT (Kg): 18 12.2 ±1.8 9.43 15.52 

HC 

SAGE (days): 19 1.4 ±1.5 0 5 
AIWT (Kg): 15 320.3 ± 33.8 264 374 
PFWT (Kg): 15 440.2 ± 48.9 351 530 

NBA: 17 11.5 ± 1.9 7 14 
NBT: 17 12.3 ± 2.3a 8 16 

WEAN: 17 9.3 ± 2.7 2 14 
ALWT (Kg): 17 3.2 ± 0.4 2.72 4.04 

AWWT (Kg): 17 11.3 ± 1.8 8.00 14.54 

HT 

SAGE (days): 17 1.4 ± 1.3 0 5 
AIWT (Kg): 15 328.5 ± 39.4 263 390 
PFWT (Kg): 17 446.9 ± 54.5 374 565 

NBA: 17 9. ± 4.9 0 16 
NBT: 17 11.2 ± 4.7ab 3 17 

WEAN: 17 9.0 ± 4.5 0 14 
ALWT (Kg): 16 3.5 ± 0.6 2.60 4.85 

AWWT (Kg): 16 11.6 ± 2.6 7.11 15.79 

LC 

SAGE (days): 17 1.2 ± 1.2 0 4 
AIWT (Kg): 12 320.7 ± 41.2 266 390 
PFWT (Kg): 12 433.2 ± 46.0 348 493 

NBA: 14 9.0 ± 4.3 0 14 
NBT: 14 9.9 ±4.1b 1 15 

WEAN: 14 8.1 v± 3.6 0 13 
ALWT (Kg): 13 3.4 ± 0.5 2.68 4.53 

AWWT (Kg): 13 11.4 ± 1.6 8.63 14.15 

LT 

SAGE (days): 14 0.8 ± 1.0 0 3 
Means with different superscripts are significantly different 
between treatment groups (p<0.05). 
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Appendix E 
 

All data for Table 17 
 
 

Table 17. Average litter parameters produced by different gilt types. 
BREED
Variable N N N N
AIWT(kg): 39 317.49 0 . 12 325.67 7 321.86
PFWT(kg): 45 433.91 ab 2 402.00 b 9 483.00 a 4 419.00 b

NBA: 46 10.50 2 7.00 12 10.17 7 11.43
DEAD: 46 0.83 2 0.50 12 1.17 7 0.57

NBT: 46 11.46 ab 2 7.50 b 12 11.75 a 7 12.00 a

ALWT(kg): 44 3.33 b 2 4.22 a 12 3.72 ab 7 3.05 b

WEAN: 46 8.76 2 7.00 12 8.58 7 10.00
AWWT(kg): 43 11.51 2 13.59 12 11.64 7 11.99
SAGE(days): 46 1.26 b 2 3.50 a 12 1.08 b 7 0.57 b

CROSS LANDRACE MARKET YORK
Mean Mean Mean Mean

Means with different superscripts are significantly different between gilt types 
(p<0.05) 
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Appendix F 
 

Boar information 
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