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Introduction 
 A thorough evaluation of bulls to predict their fertility potential is critical for viable cattle 
production.  The importance of fertility prediction is even more important when the bull is used for 
single-sire mating or artificial insemination (AI).  Traditional semen analysis may identify semen or bulls 
that are grossly abnormal, but cannot identify sub-fertile bulls that are producing apparently normal 
semen.  It has been clearly documented that bulls classified as satisfactory differ in their field fertility, 
necessitating development of new approaches to precisely document potential variation in the fertility of 
these bulls.  In that regard, various submicroscopic approaches such as computer-assisted sperm analysis 
(CASA) and flow cytometry-based evaluation of sperm characteristics, are widely used.  These 
improvements in semen evaluation have led to several studies correlating various end points to fertility of 
semen used for AI.1,2  However, the desired level of accuracy in fertility estimations based on in vitro 
assays has not been achieved, due to the inadequacy in fertility measurements and lack of suitable in vitro 
tests.  Number of females used for insemination and their reproductive health, number of sperm in the 
inseminate, and insufficient variations in fertility of males can all influence associations between in vitro 
tests and fertility.  Every sub-compartment of sperm must be intact and functional in order to fertilize an 
oocyte; furthermore, the association between fertility and almost any fertility assay depends on the 
efficacy of the assay to measure multiple sperm traits.  For example, sperm must have normal motility, 
morphology and plasma membrane integrity.  Each ejaculate contains a heterogeneous population of 
sperm, with variations in the functional attributes needed for fertilization.  Unfortunately, most laboratory 
assays give a population mean for each attribute, which confounds the true number of fertile sperm in the 
population.  In addition, assays are often prone to error due to judgement or bias.  Current methods, 
including genomics and proteomics, are still confined to the research community because of their 
sophisticated instrumentation and advanced bioinformatics tools.  Regardless, it is predicted that these 
“omics” methods will play a major role in future diagnostics.  The present review describes the current 
laboratory methods available for semen analysis in bulls as an aid for predicting their fertility following 
AI. 
 
Traditional breeding soundness evaluation 
 Fertility of a bull is predicted by breeding trials (breeding many normal, fertile females and 
assessing pregnancy rates) or conducting a breeding soundness evaluation (BSE).  Since no single 
measurement or criterion reliably predicts fertility, several criteria are usually evaluated.  The standards of 
the Society for Theriogenology (www.therio.org) are intended to assess the likelihood of a bull 
establishing pregnancy in >25 healthy, cycling females in a 65-70 d breeding season.  The BSE 
classifications are based on a physical evaluation and acceptable thresholds for testicular development, 
sperm motility, and normal sperm morphology.  Although libido is a major determinant of bull fertility, 
this aspect of fertility is not routinely evaluated during the BSE.  In addition, evaluation of bulls for 
venereal diseases is also not a common practice during BSE.  A standard BSE includes assessment of 
size, muscling, body condition, and freedom from disease and physical defects (i.e. abnormal angularity 
of legs, hoof problems, etc.).  The scrotum should have a distinct neck, testes should be freely moveable, 
similar in size, firm and resilient, with normal epididymides and spermatic cords.  Scrotal circumference 
(SC) is measured by forcing the testes to the bottom of the scrotum and using a flexible tape to apply 
moderate tension at the largest circumference.  The SC is highly correlated with paired testis weight, 
which is correlated with daily sperm production and semen quality.3 
 Sperm motility is estimated by examining semen on a clean, warm slide and is reduced by 
extreme temperatures and environmental contaminants.  Mass motility (affected by both individual sperm 
motility and sperm concentration) is detectable at low power, but progressive motility should be assessed 
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under medium power (~400 x); a cover slip is applied and concentrated samples are diluted with warm, 
fresh saline. 
 Sperm morphology should be evaluated under oil immersion.  Semen is diluted in eosin-nigrosin 
(smear) or 10% neutral buffered formalin (wet mount) and at least 100 sperm cells (up to 300 if there are 
multiple abnormalities) are evaluated.  In general, fertility will be decreased with >30% morphologically 
abnormal sperm or >20% head defects.3  A bull that is healthy and sound, with an adequate SC, >70% 
morphologically normal sperm, and >30% progressive motility, is designated a Satisfactory Potential 
Breeder.3  Furthermore, a bull with temporary conditions (likely to resolve) is designated Classification 
Deferred; this typically includes recent puberty, an injury or lameness that is likely to resolve, or 
temporary testicular degeneration (e.g. due to hot weather).  Finally, a bull with undesirable heritable 
defects, small SC, debilitating injury or disease, or permanent testicular degeneration, is designated an 
Unsatisfactory Potential Breeder. 

Although BSE can identify bulls that are producing grossly abnormal semen, this approach 
cannot identify variations in fertility among bulls that are classified as satisfactory potential breeders.  
Consequently, the use of bulls that meet minimum standards in natural breeding or their semen for AI can 
result in pregnancy rates that differ by 20-25 %.4  Therefore, it is important to develop fertility tests to 
detect this variation in fertility.  The following sections of this manuscript are a review of recent advances 
in evaluation of submicroscopic characteristics of sperm that are apparently normal. 
 
Sperm kinematic parameters 
 Computer assisted sperm analysis is the preferred system for objectively evaluating sperm 
motility in a commercial setting.  With the advent of CASA, it is possible to identify various sperm 
kinematic characteristics simultaneously that cannot be identified by subjective semen analysis.  As sperm 
progress along a trajectory, the CASA system calculates motility, velocity, linearity and lateral 
displacement of the sperm head (ALH).  Several studies have highlighted the importance of total and 
progressive motility and its association to field fertility.5,6  Farell et al7 also reported high correlation 
between several CASA parameters (linearity, average path velocity, curvilinear velocity, total motility 
and beat cross frequency[BCF]) and fertility, as determined by their 59d non-return rate to first service.  
Kasimanickam et al8 reported that ALH and BCF in conjunction with either straight line velocity (VSL) 
or average path velocity (VAP) were significantly correlated to fertility.  We recently reported that ALH 
was significantly higher in low- (LF) versus high-fertility (HF) bulls.9  This finding suggested that sperm 
from HF bulls have higher vigor just after thawing in comparison to those from LF bulls.  Consistent with 
these results, significantly higher percentage of hyperactivated sperm were recorded in HF bulls.  Three 
types of sperm motility patterns have been described: 1) forward progressive motility; 2) transition phase 
to hyperactivated motility; and 3) hyperactivated motility.  Based on these criteria, we inferred that post-
thaw sperm from HF bulls represent a “transition phase” from forward progressive to hyperactivated 
motility.  Sperm from LF bulls at post-thaw had a lower ALH and numerically higher linear motility 
representing the “forward progressive” motility pattern, which drives the sperm in a more-or-less straight 
line.  “Transition phase” is a motility pattern usually exhibited by physiologically normal sperm that are 
in progress to hyperactivation.  These differences in motility between HF and LF bulls may reflect 
submicroscopic differences at the structural (plasma membrane) and/or functional level in the sperm 
among these bulls.  Based on these findings, we postulated that frozen-thawed sperm from HF bulls are 
more efficient in undergoing hyperactivation compared to LF bulls, influencing their ability to cross the 
barriers of the female reproductive tract and reach the site of fertilization.  To test this hypothesis, we 
subjected post-thaw sperm from both LF and HF bulls to a swim-up procedure that provided a barrier 
between post-thaw semen and the swim-up medium and evaluated the concentration of post swim-up 
sperm and their motion characteristics under capacitating conditions.  Interestingly, based on CASA 
analysis of post-swim-up sperm, ALH in LF bulls was significantly lower than that of HF bulls, whereas 
linearity (LIN), straightness (STR),and wobble (WOB) were significantly higher, suggesting that post-
swim-up sperm from HF bulls were in transition to hyperactivation.  Concentration of sperm recovered 
after swim-up (expressed as a percentage of viable sperm present in the post-thaw sample) and the 
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proportion of viable sperm in post-swim-up sperm were significantly different between HF and LF bulls 
and positively correlated with fertility.9  Although a significant correlation of sperm concentration after 
swim-up and fertility have been reported,10 our experimental approach provided an opportunity to 
normalize concentration of sperm recovered after swim-up for the concentration of viable sperm used for 
the swim-up procedure.  Based on low recovery of sperm in the post-swim-up preparations from LF bulls, 
we inferred that viable sperm from LF bulls were inherently compromised to pass through sodium 
hyaluronate, indirect evidence for their reduced ability to pass through the barriers of the reproductive 
tract and populate the site of fertilization.  Based on these results and observed differences in sperm 
kinematic parameters, we postulated that sperm from LF bulls have a reduced ability to undergo 
hyperactivation under appropriate physiological conditions, which affects their ability to pass through the 
female reproductive tract, and interact with the oocyte, thereby contributing to reduced fertility.11 
 
Sperm plasma membrane integrity and viability 
 The integrity of the sperm plasma membrane is often linked to the viability of sperm; 
consequently, most sperm viability tests assess the intactness or leakiness of the cell plasma membrane.12  
Cell viability is often assessed after staining sperm with membrane-impermeable fluorescent dyes with 
affinity for the DNA.  Viable cells are able to exclude these dyes and prevent the staining of the nucleus.  
Some of the membrane-impermeant probes that have been successfully used to assess sperm viability 
include Hoechst 33528, YoPro-1, and propidium iodide (PI).13  Another method to assess membrane 
integrity includes the use of membrane-permeant DNA dyes such as SYBR-14.14  These probes can enter 
the living cell by virtue of their amphipathic nature, but are immediately deacylated by intracellular 
esterases, thereby rendering the dye membrane-impermeable.  Thus, viable cells will have the entrapped 
SYBR-14 whereas in dead cells, the dye easily leaks out due to the damaged membrane.13  Recently, 
combinations of stains are available, which can simultaneously label the viable and non-viable cells.  The 
LIVE/DEAD® Sperm Viability Kit (Invitrogen, Carlsbad, CA) employs both SYBR-14 and propidium 
iodide, which is routinely used for evaluating viability of frozen-thawed semen.  This kit is reliable and 
user friendly, as it does not involve any laborious processing steps that might affect cell viability.  
Another added advantage is that egg-yolk particles in the extender will not interfere with the flow 
cytometer, as they will remain unlabelled for both the dyes used in the kit.15  Sperm viability, evaluated 
by fluorescent labelling of sperm coupled with flow cytometry, had significant correlations between 
viability and fertility in the stallion,16 bull,17 and boar.18  We recently demonstrated that the percentage of 
viable sperm at post-thaw was higher in HF versus LF bulls.9  Furthermore, there were a significantly 
lower percentage of the dead and moribund cells (stained with propidium iodide and SYBR-14, indicating 
compromised viability) in HF vs LF bulls.  In addition, the rate of conversion of live to moribund sperm 
was lower in HF compared to LF bulls.  It is noteworthy that the proportion of dead and moribund sperm 
and also rate of conversion of live to moribund sperm were negatively correlated with field fertility.11 
 
Sperm mitochondria 
 Several fluorescent dyes such as rhodamine 123 (R123), Mitotracker (MITO), and JC-1 have 
been used to evaluate the functional status of sperm mitochondria.  Both R123 and MITO dyes are 
transported into actively respiring mitochondria, which then fluoresces green.  All actively functioning 
mitochondria stain green with R123 and MITO and therefore one cannot distinguish sperm that exhibits 
different respiratory rates.14,19  More recently, JC-1 has been used to distinguish sperm with poor and 
highly functional mitochondria.19,20  This fluorescent dye stains green in normally functioning 
mitochondria but when the respiratory rate increases, the stain forms aggregates that fluoresce orange.20  
Therefore, JC-1 not only differentiates between functional and non-functional mitochondria, but also 
permits us to assess various levels of mitochondrial function.  Studies have highlighted the importance of 
functional mitochondria to sperm motility, irrespective of whether R12321,22 or JC-119,20 is used to 
evaluate mitochondrial function.  
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Sperm DNA damage 
 The quality of the sperm DNA transmitted during fertilization is essential to support embryo 
development and fertility.  Programmed cell death or apoptosis is a major factor that has been implicated 
in DNA damage in sperm and is negatively associated with fertilization rate, implantation, and successful 
pregnancy23,24 and also related to the field fertility of bull semen.25  Increased percentages of apoptotic 
sperm decrease bull fertility by decreasing the percentage of viable sperm.26,27  The structure of the 
mature sperm DNA is extremely compact due to the presence of the protamines in the sperm chromatin 
and can display various abnormalities, such as damage to the DNA in the form of single- or double-
stranded breaks, protein defects which interfere with histone or protamine conversion and thereby 
affecting DNA compaction, and defective tertiary chromatin configuration.  All of these defects could 
impair nuclear decondensation and jeopardize embryonic development, since the oocyte would not be 
able to overcome these forms of damage.28  Moreover, damaged paternal DNA could be incorporated into 
the genome of the embryo, leading to errors in transcription or translation in embryo development, 
ultimately having a trans-generational effect.29  Due to its importance, evaluation of DNA integrity of the 
semen has increased over the past years.  For example, a single-cell DNA gel electrophoresis assay 
(COMET) can distinguish between normally condensed sperm nuclei (minimal migration on an agarose 
gel) and more loosely packed DNA (tailing of DNA).  Mice with low expression of protamine 2 
demonstrates tailing of DNA in this assay, highlighting the dependence of DNA condensation on 
protamines.30  Chromomycin A3 (CMA3) is a fluoroprobe, which binds to deprotaminated DNA (at GC 
specific regions) in a loosely packed chromatin structure.31  Lolis et al reported that low CMA3 staining 
in human sperm correlated with higher in vitro fertilizing rates than samples with high CMA3 staining.  
The second classical method to detect the intactness of the sperm DNA is by taking advantage of the 
metachromatic properties of acridine orange (AO) in the sperm chromatin structure assay (SCSA).  In that 
regard, normal intact DNA is fully resistant to acid denaturation (green fluorescent in double stranded 
DNA), whereas damaged DNA (red fluorescent in single stranded DNA) is susceptible to denaturation, 
with the extent of damage detected using flow cytometry.  Several studies have reported a high 
correlation of the SCSA tests with fertility in several species, including bull,32,33 human,34 stallion35 
sperm; HF males had less chromatin denaturation compared to those with LF sperm samples.  
Furthermore, DNA fragmentation can also be assessed by using terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assays, which identify single stranded DNA areas by labeling 
free 3-OH termini with modified nucleotide analogs.  A combined TUNEL/PI procedure is now available, 
which takes advantage of the accuracy of TUNEL and differentiation of viable and dead sperm 
populations based on PI intensity.36 
 
Sperm acrosome integrity 
 Acrosome integrity is traditionally measured during frozen semen evaluation by evaluating a wet 
film of semen under the microscope, ideally with differential interference contrast (DIC)-capabilities, 
which provides a clear view of the acrosomal ridge.  However, fluorescent staining of acrosome coupled 
with flow cytometry can be used to objectively evaluate acrosomal integrity on a larger number of sperm, 
thereby improving reliability of this sperm function test.  Acrosome integrity is usually measured with 
fluorescently labeled plant lectins.  For example, Pisum sativum agglutinin (PSA), a pea plant agglutinin 
that binds to α-mannose and α-galactose moieties of the acrosome matrix,37 whereas a lectin from peanut, 
Arachis hypogaea agglutinin (PNA) binds to β-galactose moieties of the acrosome.38,39  However, it is 
believed that PNA has less non-specific binding to other areas of the sperm and thereby it is favored over 
PSA.40  In both the cases, the lectins are not inherently fluorescent, but can be labeled with fluoroprobes 
(e.g. FITC).  Acrosome-intact sperm emit bright fluorescence throughout the acrosomal region, whereas 
partial, patchy or focal fluorescence from the acrosomal region indicates partial acrosome reaction.  
Finally, an acrosome-reacted sperm, sperm will be fluorescence-free, except for a fluorescent band at the 
acrosome-postacrosomal region.41 
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Membrane fluidity and capacitation status  
 The capacitation status of sperm is usually determined with the fluorescent antibiotic 
chlortetracycline (CTC), which binds to the plasma membrane in Ca2+/Mg2+ dependent manner.13  
Uncomplexed CTC (neutral) binds with free calcium in the intracellular compartments and becomes 
negatively charged and highly fluorescent.  In non-capacitated sperm, an overall staining of the sperm 
head is apparent (F pattern).  More prominent staining near the apical area and decreased staining in the 
posterior regions is evident in capacitated sperm (B pattern).42  Loss of CTC staining from the sperm head 
indicates that the cell has undergone an acrosome reaction.43  This capacitation-associated B pattern has 
also been noticed in frozen-thawed sperm (cryo-capacitation like changes).44,45  In AI bulls, the 
percentage of non-capacitated sperm was significantly related to fertility.46,47  Another method to assess 
capacitation is to stain the sperm with merocyanine 540 (M540).  In capacitated sperm, a decrease in the 
packing order of the phospholipids was reported in the outer leaflet of the plasma membrane, which 
allowed the dye to intercalate into the hydrophobic core of the membrane.48  Under capacitating 
conditions, membrane fluidity changes detected by M540 staining preceded the calcium influx measured 
by CTC staining.49  Therefore, M540 and CTC could be used to monitor calcium dependent and 
independent events associated with capacitation.  Fluorescent phospholipid binding proteins such as 
annexin-V (binds phosphatidylserine) can also be used to monitor changes in the phospholipid asymmetry 
of the plasma membrane.  In uncapacitated sperm, phosphatidylserine (PS) is confined to the cytoplasmic 
side of the phospholipid bilayer, whereas in capacitated sperm, it is exteriorized to the outer leaflet (owing 
to changes in membrane fluidity).50  Annexin-V binding is considered more sensitive than other probes in 
detecting membrane changes associated with cryopreservation, since translocation of PS usually precedes 
the loss of membrane integrity.51  However, correlation between this assay and the AI bull semen fertility 
was variable.26,52 
 
In vitro fertilization and related techniques 
 Sperm is also tested for its ability to bind to homologous oviductal epithelium in vitro.  This 
binding prolonged their life and kept them in an uncapacitated state,53 thus providing insight into the 
fertilizing capabilities of a semen sample.54  However, only a marginal correlation was identified between 
the outcome of these tests and fertility.55  Effective binding of the sperm to either homologous or 
heterologous zona pellucidae (ZP) is yet another in vitro test to evaluate the fertilizing ability of sperm.  
Zona binding tests use either whole or hemi-ZP.  Fertility is also evaluated using zona-free hamster 
oocyte penetration tests; ability of a sperm sample to fertilize oocytes is deduced based on the ability of 
these sperm to penetrate zona-free oocytes and develop into normal male pronuclei.56  A positive 
correlation was reported between this test and sire fertility.57,58  It is noteworthy that in vitro fertilization 
(IVF) is the gold standard test to determine the relative fertility of semen sample across several domestic 
species, as it is the only method that closely resembles sperm-egg interaction in vivo during fertilization.  
Furthermore, a statistically significant relationship between in vitro and in vivo fertility was documented 
in several studies.59-61 
 
The ‘omics’ revolution 
 The use of different “omics” approaches such as genomics (genes), transcriptomics (RNA) and 
proteomics (proteins) have widened our knowledge, not only on the regulatory networks that govern 
gamete function, but also indicated that subtle differences in their expression (genes and proteins) could 
positively or negatively influence the fertility of the animal.  High-throughput technologies such as DNA 
and RNA sequencing, DNA microarray, and mass spectrometry, along with proper bioinformatics tools, 
may provide better cues for annotation of genes and proteins in the context of gamete biology.  
 
Sperm genomics 
 Recent advances in the field of genome sequencing have provided great insight into genetic 
differences among sires.  These genetic factors may contribute partly to variations in fertility among sires 
and hence bull fertility could be improved by genetic selection. For example, Druet et al62 reported that 
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moderate (0.15-0.3) and high (close to 0.6) heritabilities exist for semen parameters such as volume and 
concentration, motility and percentage of abnormal sperm, respectively.  The most abundant genomic 
variation, single nucleotide polymorphisms (SNPs), have been linked to economically important traits in 
the horse, pig and cattle63-66  Information about specific SNPs related to fertility could facilitate earlier 
and accurate prediction of fertility and would speed genetic selection programs.  Khatib et al67 reported 
that SNPs in the FGF2 and STAT5A gene are related to male fertility.  Feugang et al68 reported that 
polymorphisms in the integrin beta 5 gene (ITB5B) may have a role in Holstein bull fertility.  Functional 
studies on ITG5B suggested that it might have a role in sperm-egg interaction.  Dai et al69 reported that 
SNPs in the follicle stimulating hormone beta subunit (FSHB) were associated with lower semen quality, 
poor freezability and ultimately a lower non-return rate.  Thus, identifying individual genes that are 
responsible for differences in fertility among sires would give us opportunities to improve bull fertility 
through selective breeding.  Ultimately, this SNP technology would pave the way for marker-assisted 
selection in choosing young bulls as sires for the next generation.  
 
Sperm mRNA profiles 
 At the time of fertilization, sperm delivers coding and non-coding RNA to the oocyte.  Studies 
have highlighted the presence and subcellular localization of a specific population of RNAs in mature 
sperm, yet very little is known about its purpose and function.  For example, Kumar et al70 localized c-
myc RNA in the tail mid-piece, whereas there are other reports71 that the mRNAs for the transcription 
factors nuclear factor-kappa B (NFκB), interferon consensus sequence binding protein (ICSB), protein 
kinase c-jun n-terminal kinase 2 (JNK2), growth factor heparin-binding EGF-like growth factor (HBEGF) 
and epidermal growth factor receptor (ErbB3) are present in the sperm head.  It is noteworthy that recent 
developments in global gene expression analysis have allowed us to evaluate the functional diversity of 
RNAs present in ejaculated sperm.  Various transcripts profiling platforms have identified a myriad of 
diverse transcripts.72-74  Furthermore, semen quality was associated with diverse transcripts that are 
differentially expressed between bulls of different fertility status.  In a study by Kasimanickam et al,75 
there was a strong association between the mRNA abundance for adenylate kinase (AK) 1, integrin β (IB) 
5, tissue inhibitor of metalloproteinases (TIMP) 2, lactate dehydrogenase c, outer dense fiber 2, 
phospholipase C zeta (PLCζ) 1 and sire conception rates.  Lalancette et al74 reported that mitogen-
activated protein kinase kinase, testis-specific serine/threonine protein kinase 3, LIM/homeobox protein, 
and SH3 protein transcripts (along with several others) were differentially expressed in sperm from HF 
bulls.  Thus the heterogeneous RNA content of the ejaculated sperm could be used as a fingerprint for the 
genomic analysis to assess semen quality, in terms of both spermatogenesis quality and fertility 
outcome.71,76-78  Therefore, development of a reliable method for the routine isolation of RNA from sperm 
will serve as an important step to develop novel non-invasive procedures to evaluate bull fertility. 
 
Sperm proteomics 
 By focusing on analysis of expression profiles, proteomics could lead to novel biomarkers that 
could be linked to bull fertility.  In the past decade, mass spectrometry (MS) approaches have enabled 
global identification and quantification of proteins.  In that regard, 2D-PAGE and 2D-DIGE techniques 
coupled with MS have not only facilitated individual protein identification, but also their post-
translational modifications.  Technologies such as isobaric tags for relative and absolute quantitation 
(iTRAQ) enable relative quantification of the number of peptides (and thus proteins) between two or 
more samples.  As proteins define a cell phenotype, changes at the proteome level could lead to 
differences in phenotypes influencing economically important traits.  For example, fertility-associated 
antigen (FAA), a heparin binding protein was greater in the sperm membranes of beef bulls with greater 
fertility potential.79  High fertility bulls also had greater abundance of two seminal plasma proteins, 
osteopontin and prostaglandin-D-synthetase in their semen sample as compared to LF bulls80,81  Another 
protein, clusterin was also in higher concentration in LF bulls compared to HF bulls.82  In addition, 
several studies have highlighted the differential expression of proteins in bulls with known fertility 
records.83-85  Five proteins, enolase 1 (ENO1), ATP synthase, H+ transporting mitochondrial F1 complex 
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(ATP5B), apoptosis-stimulating of p53 protein 2 (ASPP2), alpha-2-HS-glycoprotein (ASHG), 
phospholipid hydroperoxide glutathione peroxidase (Gpx4) were highly expressed in the HF bulls, 
whereas voltage dependent anion channel 2 (VDAC 2), ropoporin-1, ubiquinol-cytochrome-c reductase 
complex core protein 2 (UQCRC2) were more represented in LF bulls.83  In a study by Soggiu et al,85 
alpha enolase was significantly down-regulated in the estimated relative conception rate (ERCR)- group, 
whereas two other proteins, isocitrate dehydrogenase, and triosephosphate isomerase were upregulated in 
ERCR- (LF) group in comparison to ERCR+ (HF) group.  D’Amours et al84 reported that T-complex 
protein 1 subunits (CCT5 and CCT8), epididymal sperm-binding protein E12 (ELSPBP1), proteasome 
subunit α type 6 and binder of sperm 1 (BSP1) were more expressed in LF bulls than in HF bulls.  
Adenylate kinase 1 (AK1) and phosphatidylethanolamine-binding protein (PEBP1) were more expressed 
in the HF group compared to the LF group.  A two-fold enrichment was noticed in epidermal growth 
factor (EGF) and platelet-derived growth factor (PGDF) signaling pathways in HF versus LF sperm.  In 
addition, peroxisome proliferated activator receptor (PPAR) signaling, interleukin (IL)-4 signaling, 
chemokine signaling, insulin growth factor (IGF)-1 signaling was identified only in HF sperm.86  In the 
same study, two proteins, ATP synthase, H+ transporting, mitochondrial F1 complex (ATP5B) and 
cytochrome c oxidase subunit III (COX3) were higher in the HF group in comparison to the LF group.  
Shojaei et al87 demonstrated that a cohort of sperm proteins was differentially expressed in normal versus 
pyriform sperm derived from the same bulls.  Several proteins involved in sperm capacitation, sperm-egg 
interaction and sperm cytoskeletal structure were decreased in pyriform sperm, whereas proteins, which 
regulate antioxidant activity, apoptosis and metabolic activity were increased.  Contents of reactive 
oxygen species and ubiquitinated proteins were higher in pyriform sperm.  We concluded that comparing 
normal versus morphologically abnormal sperm was a suitable experimental model for identifying 
important sperm functional proteins, which may serve as novel markers for fertility predictions. 
 
Epigenetics 
 The epigenome represents specific marks around the chromatin that can influence gene 
expression.88,89  These epigenomic marks are influenced by environmental conditions (e.g. toxicants, 
nutrition, temperature, etc.).  Although these environmental triggers do not alter the DNA sequence, they 
induce chemical modifications to DNA and influence DNA compaction, which in turn controls gene 
expression.  Some of these epigenetics modifications are transient modulators of the chromatin structure, 
influencing access of transcription machinery to particular stretches of DNA.  For example, histones can 
be modified by acetylation, phosphorylation and methylation, thereby modifying the affinity of these 
proteins to DNA.  However, changes in methylation patterns (addition of methyl groups to the cytosine 
residues) of the DNA are considered permanent epigenetic marks.  Therefore, evaluating changes in 
epigenetic marks and associated changes in phenotypes may have implications for identifying epigenetic 
contributions to regulation of fertility. 
 
Summary 
 Traditional BSE remains as the first-line of approach to identify bulls or their semen that are 
grossly abnormal.  However, bulls classified as satisfactory based on a BSE still differ in fertility.  
Identification of these variations in fertility may allow us to eliminate bulls or their semen from breeding 
programs, or allow AI centers to make necessary adjustments in the semen doses to maximize sale of elite 
sires while preserving optimal fertility.  Since fertility is a trait influenced by a multitude of factors, no 
single fertility test is sufficient to precisely document fertility.  Therefore, a combination of fertility tests 
to specifically evaluate ability of sperm to pass through barriers of the female reproductive tract and reach 
the site of fertilization, undergo successful capacitation, bind with the oocyte, undergo an acrosome 
reaction, penetrate zona pellucidae, fuse with the oocyte plasma membrane, initiate zona and vitelline 
blocks, induce resumption of meiosis of the oocyte by releasing sperm factors, undergo DNA 
decondensation and form a male pronucleus, fuse with the female pronucleus, initiate cleavage and 
effectively contribute to embryo-specific gene expression to support developmental competence of 
resulting embryos.  In addition to existing sperm function assays, emerging genetic approaches may 
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enable us to improve fertility predictions and facilitate genetic screening of bulls for fertility at an early 
age. Such advancements in fertility predictions will substantially improve the economic viability of the 
livestock industry. 
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