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ABSTRACT

Fourier harmonic analysis (FHA) assessed the sperm nuclear shape of 31 buf-
falo bulls with known fertility to identify the bull with top conception rates 
of 28-36% and lowest conception rates of 13-19%. The FHA model developed 
for water buffalo, identified harmonic amplitude 1 as critical in selecting opti-
mum cutoff values based on discriminant analysis. Using the model, 44 other 
bulls were classified as High- (n=12) or Low-fertile (n=10), while the rest (n=22) 
were mid-fertile bulls. Five bulls from High- and Low-fertility groups were 
randomly selected for semen quality tests. The tests included fertilization of 
buffalo oocytes, sperm motility parameters and Hypo-osmotic swelling (HOS) 
of the plasma membrane integrity. Results showed higher cleavage and blas-
tocysts development with significant difference of hatching rates (P=0.021) for 
bulls that were predicted to be of High- vs. Low-fertility. Progressive motili-
ty (67.2±2.9 vs. 51.9±2.9%), straightness (85.4±0.7 vs. 81.3±0.7) and linearity 
(53.3±0.8 vs. 49.8±0.8) were higher in High- than Low-fertility bulls (P<0.05). 
Further,  HOS test showed that High-fertility bulls had higher sperm cells (68.0 
± 6.2) with functional integrity than  Low-fertility bulls (59.1 ± 6.2) though 
difference was not significant (P=0.346). The results suggest  FHA is a potential 
tool in predicting bull fertility in water buffalo bulls.
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INTRODUCTION

	 The success rate of artificial insemination (AI) is very important in order to facilitate 
the production of genetically improved animals that could supply the need of milk and meat 
and support the protein requirement of the increasing human population. The average success 
of AI in buffaloes, however, ranges from 0.5 to 9.8% in a report covering 1998 to 2015 in 
Samar (Ybañez et al., 2017). Artificial insemination has become a critical tool for buffalo 
genetic improvement and particularly when crossbreeding swamp and riverine buffalo but 
fertility with AI still remains a problem (Keyolenu et al., 2018).



Predicting bull fertility by fourier harmonic analysis

	 Improving the success of AI will likely include factors related to both sexes. How-
ever, the present paper will only address issues related to the male and in particular with 
the semen. Fertility of the male can involve both compensable and non-compensable (also 
called uncompensable) issues associated with the semen (Saacke et al., 1994; Evenson, 
1999; Saacke, 2008). Routinely, many semen quality analyses are being used and include: 
semen volume, pH, sperm concentration, motility, viability, and gross morphology. These 
types of measures identify semen samples with compensable defects that can be overcome 
by increasing the number of sperm inseminated.  A more serious problem for male fertility in 
AI is a non-compensable issue that cannot be compensated for by increasing the number of 
sperm inseminated. Chromatin defects are non-compensable issues in semen that have been 
suggested to be responsible for low fertility of some bull (Saacke, 2008). Different semen 
evaluation approaches are thus needed to address non-compensable defects in sperm.  
	 Fourier harmonic analysis (FHA) is a tool in predicting bull fertility (Parrish et al., 
2012). It is a computer aided image analysis approach that measures the subtle shape dif-
ferences in sperm nuclei by analyzing the nuclei shape expressed as Harmonic Amplitudes 
or HA. It  develops equations to approximate the sperm head curvature and perimeter and 
expresses results in terms of means and does not differentiate between normal and abnor-
mal, only the mean for a particular male that is related to bull fertility (Parrish et al., 2014). 
This was developed based on the observation that the more brightly/lightly stained sperm 
for DNA in a population was negatively associated with fertility rate (Parrish et al., 1998) 
and recently granted a US patent (Parrish, 2020). It is known that the sperm head is 90% 
DNA and the shape of the sperm head is based on the structure and packaging of the DNA 
(Ballachey et al., 1987). Any change in the structure and packaging of the chromatin of the 
sperm cell should be reflected by a change in sperm shape (Evenson et al., 1980; 1994). By 
FHA, the curvature of a sperm perimeter is explained by Fourier functions, which contain 
multivariate shape measures known as the harmonic amplitudes (Ostermeier et al., 2001a; 
Parrish et al., 2014). 
	 In FHA, the sperm cells are stained with a DNA binding fluorescent dye, epifluo-
rescence microscopy and image analysis then identify non-overlapping sperm nuclei. The 
perimeter coordinates of sperm nuclei are obtained from 100 sperm per sample and Har-
monic Amplitudes (HA) 0-5 computed along with dispersion statistics for each harmonic 
amplitude (Parrish et al., 2014). The approach produces measures of sperm nuclear shape 
that are independent and orthogonal as reviewed by Duran and Hufana-Duran (2017). 
	 The FHA approach sought to develop methods to evaluate non-compensable defects 
in sperm (Parrish et al., 2014). The focused was on the evaluation of sperm nuclear shape 
using FHA with the thesis that minor defects in the sperm chromatin can result in failed em-
bryo or fetal development after fertilization. These potential defects would produce changes 
in the sperm nuclear shape that were beyond the ability of human visual observation through 
a microscope. The FHA of sperm nuclear shape was used to mathematically identify bulls 
of high fertility by quantifying sperm nuclear shape in an objective, statistically orthogonal, 
highly sensitive and repeatable fashion. Models using these amplitudes have been applied 
to the prediction of low and high fertility groups in dairy bulls and boars (Ostermeier et al., 
2001b; Parrish et al., 2012). These measures have been related to in vivo fertility (Parrish et 
al., 2012). 
	 With the desire to minimize if not eliminate the bull factor effect on the failure of 
artificial insemination, a technique that could identify the high fertility bull in water buffalo 
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species is desired. This is to ensure that all buffalo bulls used as donors of semen are just the 
high fertility bulls. With the positive findings observed in other species in the use of FHA, 
this study aims to examine the efficiency of FHA in predicting bull fertility in water buffalo 
species to assess its wider application as tool in predicting bulls of high fertility and establish 
a tool that could be applied to predict fertility in water buffalo bulls.

MATERIALS AND METHODS

	 To test the wide application of FHA for buffalo bull fertility determination, semen 
samples were collected from buffalo bulls at the National Bull Farm of Philippine Carabao 
Center in Carranglan, Nueva Ecija, Philippines which are used for the nationwide artificial 
insemination program. Sperm from these semen samples were subjected to FHA analysis. 
Semen was also subjected to semen quality analyses that included Hypo-Osmotic Swelling 
(HOS) test, the use of Computer Assisted Sperm Analysis (CASA) parameters, and an In 
Vitro Fertilization (IVF) assay to confirm the potential use of FHA as a predictor of bull fer-
tility.
	 An FHA model was developed for water buffalo bulls to differentiate high- and 
low-fertility bulls. It was found that Water Buffalo bulls with known in vivo fertility could 
be repeatably separated into top 32% (in vivo conception rates=28-36%) and bottom 16% 
(in vivo conception rates=13-19%) using discriminant analysis (P<0.05).  The model cutoff 
points for harmonic amplitude 1 was <0.042 µm and >0.051 µm for high and low fertility 
bulls, respectively. The FHA measures of harmonic amplitude 0 and 2-5 (Fig. 1) were not 
predictors of fertility (P>0.05). Using the model, the 44 buffalo bulls used as donors of 
semen for nationwide artificial insemination program at the National Bull Farm of the Phil-
ippine Carabao Center in Caranglan, Nueva Ecija were classified finding 12 high and 10 low 
fertility bulls with 22 classified as mid-fertility bulls. The 22 bulls that were classified as 
mid-fertility were not used for further analysis. Five bulls from each high and low fertility 
group were randomly selected. Sperm from these bulls were used to evaluate semen quality
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Figure 1. A) Fourier harmonic amplitudes (HA) and B) sperm nuclear measurement. 
	     Harmonic amplitude 0 (HA0) is the overall size of the sperm where HA1 through 
	     5 adjust HA0 to reflect nuclear shape via a summation of the various harmonics. 
	      The major impacts of specific harmonics are as follows: HA1 reflects the curvature 
	     of the anterior portion of the nucleus, HA2 reflects the length and to some extent 
	     width, HA4 reflects the width and to some extent the length but also post nuclear 
	     pinching, HA3 and HA5 reflect the curvature of the post nuclear region (Parrish 
	     et al., 2014).
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with in vitro fertility via fertilization of buffalo oocytes, sperm motility via CASA (IVOS 
II Hamilton Thorne) and HOS. In vitro matured buffalo oocytes were fertilized with ca-
pacitated buffalo sperm for 18 hr. There were 5 replicates for each bull in the study with a 
mean ± SEM of 28.1 ± 1.2 oocytes per replicate. Male pronuclear formation was recorded 
as evidence of fertilization and cleavage, blastocyst development and hatching rates used 
to assess the developmental competence of the sired zygotes. The CASA evaluated on 201-
1125 sperm per bull with motion analysis following the method described by Hufana-Duran 
et al. (2017). HOS test was carried out on 200 to 300 sperm cells per semen sample (1 straw) 
and observed in at least five microscopic fields of view. All data are means of the predicted 
high and low fertility groups, 5 bulls/group, and pooled standard error from the within class 
variation.
	 Semen samples were prepared for FHA. Semen sample with 160 X 106 sperm/mL 
was mixed 1:3 semen to diluent (2.9% NaCitrate + 3% Bovine Serum Albumin, Fraction 
V) to reach the ideal sperm concentration of 40 X 106 sperm/mL. Sperm were then stained 
with Hoechst 33342 (H1399, Sigma Chemicals) and Yoyo-1 (Invitrogen by Thermo Fish-
er Scientific) for 30 min at 37°C. Samples were then processed to obtain a semen sample 
for imaging. Sperm cell images were taken using a Nikon Diaphot (Nikon instrument Inc., 
Tokyo, Japan) microscope equipped for phase contrast microscopy (Fig. 2A), epifluores-
cence (Fig. 2B-F), and computer aided image analysis. The image passing through a 100x 
Nikon Flour, 1.30 numerical aperture, phase contrast 4, oil-immersion objective and a 1.25x 
magnifier into an intensified charged coupled device camera was captured. Images of not 
less than 200 sperm cells per sample that are not overlapping was taken. Semen samples and 
images were sent to University of Wisconsin-Madison for FHA.
	 For the FHA analysis, Cartesian coordinate perimeter points were gathered on all 
sperm except ones which are overlapping. These Cartesian coordinates converted to polar 
coordinates and harmonic amplitudes derived as described by Ostermeier et al. (2001b). For 
each animal, mean HA and heritability coefficients from 100 of all of the sperm, including 
the dead sperm, were compared to the mean HA and heritability coefficients of 100 live 
sperm. With the use of YOYO-1 stain and Boolean algebra, the selection and removal of 
dead sperm were made possible. The phase contrast image was used to attain primary and 
secondary abnormalities. The sperm head shape from FHA is related to nuclear size for 
HA0, the anterior head curvature for HA1, length for HA2, and posterior curvature for HA3 
to 5.
	 In vitro fertilization and embryo development assay were carried out to check the 
male and female pro-nuclear formation and the developmental competence of the resultant 
zygotes after using the High- and Low-fertility semen samples for IVF. The IVF was done 
using oocytes collected from slaughter-house derived ovaries. Collected oocytes were clas-
sified and selected based on the classification published by Hufana-Duran et al. (2008) and 
in vitro matured, fertilized and cultured to check the male and female pro-nuclear forma-
tion and development to pre-implantation stages following the methods described earlier 
(Hufana-Duran, 2009).
	 Characteristics of sperm motility were assessed via CASA (Ivos-Ultimate; Hamil-
ton Thorne Biosciences, Beverly, MA, USA) as described by Hufana-Duran et al. (2017) 
with the set-up set for bull sperm analysis.  The parameters recorded were motility (%), pro-
gressive motility (%), average path velocity (VAP, μm/s), progressive velocity or straight–
line (rectilinear) velocity (VSL, μm/s), track speed or curvilinear velocity (VCL, μm/s), 
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Figure 2. Sperm images for Fourier Harmonic Analysis. A) Description of image 
	 preparation and analysis. B) Phase contrast image of sperm. C) Hoechst 
	 image. Objects identified as sperm nuclei were thresholded and identified 
	 by custom software in ImageJ. Overlapping sperm were not included in 
	 analysis. D) Sperm perimeters from the ImageJ analysis overlayed on 
	 Hoechst image. E) Mask of sperm nuclei used to obtain perimeter 
	 coordinates of each sperm nuclei. F) Perimeter outlines placed on phase 
	 contrast image to demonstrate how the software was able to identify sperm 
	 nuclei. Not shown were images of Yoyo-1 labeled sperm which were dead.  
	 In a similar way they were identified, masks were overlayed on the object 
	 image (E), dead Yoyo-1 staining sperm deleted to leave only the live sperm 
	 to evaluate. 
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amplitude of lateral head displacement (ALH, µm), beat cross frequency (BCF, Hz), straight-
ness (STR), and linearity (LIN) examined.
	 The HOS test was done to check the integrity of the sperm plasma membrane of the 
sperm cells of classified High- and Low-fertility bulls  following the methods described by 
Hufana-Duran et al. (2015) in water buffalo. Briefly, buffalo spermatozoa were exposed to 
150 mOsm fructose-sodium citrate solution at 37º C for 45 min and then examined at 40X 
magnification. The percentage of HOS-reacted spermatozoa out of 200 spermatozoa was 
recorded.
	 Data were expressed in average and percentages. Levene’s test was used to test 
the homogeneity of variance. The IVF, embryo development, HOS and CASA data were 
analyzed with Statistical Analysis Systems software (SAS version 7–1; SAS Institute, Cary, 
NC) using a mixed model analysis of variance (ANOVA; Jackson and Brashers, 1994) with 
bulls within fertility group (within class factor) considered random and fertility group as 
fixed. Data were considered significant if P<0.05. Since there were only 2 groups per data 
type, a significant ANOVA result indicated means were different.

RESULTS AND DISCUSSION

	 Table 1 presents the results on semen quality and predicted fertility of bulls. There 
was no difference in the HOS test of 68.0 ± 6.2 vs. 59.1 ± 6.2 (P=0.35). A trend was ob-
served for differences in fertilization (83.5 ± 4.4 vs 70.1 ± 4.4; P=0.07), cleavage (73.5 ± 4.6 
vs. 60.1 ± 4.6; P=0.07), blastocyst development from all oocytes inseminated (27.4 ± 2.8 vs. 
18.5 ± 2.8; P=0.06), and blastocyst development from cleaved oocytes (37.3 ± 2.6 vs. 29.5 
± 2.6; P=0.06) for the bulls with predicted High- vs. Low-fertility, respectively.  Hatching 
as a percentage of blastocyst (38.1 ± 3.2 vs. 25.1 ± 3.2) was significantly higher (P=0.02) 
in High- vs Low-fertility bulls. The CASA measures differed for progressive motility (67.2 
± 2.9 vs. 51.9  ± 2.9), straightness (STR) (85.4 ± 0.7 vs. 81.3 ± 0.7) and LIN (53.3 ± 0.8 vs. 
49.8 ± 0.8) for sperm from High vs Low predicted fertility bulls (P<0.05).  There was no 
effect of VAP, VSL, VCL, ALH or BCF in relationship to bull fertility group (P>0.05).
	 The results showed that while there was no significant difference on the HOS test 
for functional integrity of the sperm plasma membrane, the fertility group effects on in vitro 
fertilization and embryo development rates between the High- and Low-fertility bulls were 
either very close, P<0.07 and P>0.06 or significant P=0.02, with the developmental compe-
tence evidenced by hatching rate of the sired zygotes higher (P=0.02) in High-fertility than 
in Low-fertility FHA predicted bulls. These results suggest that High-fertility bulls classified 
by the FHA have a better plasma membrane with functional integrity that resulted in higher 
penetration of the oocytes as evident by the higher fertilization rate (83.5 ± 4.4 vs. 70.1 ± 
4.4). Plasma membrane integrity is important for fertility (Watson, 1995; Ramirez et al., 
2009) because plasma membrane plays a key role in maintaining and intracellular stability 
within sperm (Hammerstedt et al., 1990) and damaged sperm would leak ATP resulting in 
loss of motility/fertility. The sperm membrane is important in keeping both the biochemi-
cal and structural integrity of spermatozoon (Cabrita et al., 1999) and membrane integrity 
is crucial for optimal sperm function (Khan and Ijaz, 2008). It is fundamental in ensuring 
fertilizing capacity because only a sperm with an intact plasma membrane can fertilize an 
oocyte (Yanagimachi, 1994).  Even though cryopreservation affects the plasma membrane 
(Hammerstedt et al., 1976; Ugur et al., 2019), the FHA classified High-fertility bulls had
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Table 1. Semen quality and predicted fertility of High- and Low-fertility bulls selected by 
	  Fourier Harmonic Analysis.

Criteria High-fertility Bull
Mean±SEM

Low-fertility Bull
Mean±SEM P-value

HOS 68.0 ± 6.2 59.1 ± 6.2 0.346
CASA
      Motility, Progressive (%) 67.2 ± 2.9  51.9 ± 2.9 0.006
      Linearity 53.3 ± 0.8  49.8 ± 0.8 0.019
      Straightness 85.4 ± 0.7  81.3 ± 0.7 0.005
      VAP (μm/s) 149.4 ± 32.1    96.6 ± 32.1 0.278
      VSL (μm/s) 91.5 ± 4.9  80.3 ± 4.9 0.140
      VCL (μm/s) 218.4 ± 33.2       170.4 ± 33.2 0.336
      ALH (µm)   7.0 ± 0.2    7.1 ± 0.2 0.730
      BCF (Hz) 33.5 ± 0.8  33.7 ± 0.8 0.868
IVF
      Fertilization (%) 83.5 ± 4.4 70.1 ± 4.4 0.070
      Cleavage (%) 73.5 ± 4.6 60.1 ± 4.6 0.074
      Blastocyst (% of all) 27.4 ± 2.8 18.5 ± 2.8 0.055
      Blastocyst (% of cleaved) 37.3 ± 2.6 29.5 ± 2.6 0.064
      Hatching (% of blast.) 38.1 ± 3.2 25.1 ± 3.2 0.021

HOS = Hypo-osmotic swelling; CASA = Computer Assisted Sperm Analysis; VAP= path velocity; VSL= pro-
gressive velocity; VCL= track speed or curvilinear velocity; ALH= amplitude of lateral head movement; BCF= 
beat frequency; IVF= in vitro fertilization.

better quality plasma membranes than Low-fertility bulls post-thawing.
	 The in vitro fertilization results demonstrate that FHA can classify the bulls 
according to their fertility. The zygotes sired from High-fertility bulls had higher develop-
mental competence than zygotes sired by Low-fertility bulls which following the trend of 
increased fertilization percentage, cleavage percentage, blastocyst development and then led 
to a higher hatching rate (38.1 ± 3.2% vs. 25.1 ± 3.2%; P<0.05).
	 The decreased developmental competence observed among oocytes sired by 
Low-fertility bulls supports earlier reports (Ostermeier et al., 2001a) indicating that Low-fer-
tility bulls classified through FHA have sperm cells that have fragmented DNA and lower 
ability to sire zygotes with developmental competence (Parrish et al., 2012; 2014). 
	 These results conform to the observations in other livestock species such as bull 
and boar (Parrish et al., 1998; Ostermeier et al., 2001b; Parrish et al., 2012). The bulls of 
high fertility produced embryos that are more likely to reach the morula/blastocyst stage 
(Hillery et al., 1990; Hillery-Weinhold, 1991; Parrish and Eid, 1994) and develop normally 
when provided with the appropriate environment. The relationship of higher field fertility 
and ability to sire more embryos in vitro have not always been confirmed (Utt, 2016). A key 
goal here is not to produce as many embryos as possible but to limit numbers of sperm used 
for in vitro fertilization assays so as to minimize polyspermy. The mechanism involved in 



significantly higher developmental competence among oocytes sired by High-fertility bulls 
is the viability of the sperm DNA necessary for normal development. FHA used the sperm 
nuclear shape of each bull in classifying them as High- or Low-fertility. The sperm nu-
clear shape shows the DNA of the sperm cells and DNA accounts 90% of the sperm head 
(Ballachey et al., 1987). The DNA shape exhibits the normal or fragmented DNA. The 
fragmented DNA inhibits the sperm to fertilize an egg and or if fertilization occurred, cannot 
support the development of an embryo full-term (Eid et al., 1994; Ostermeier et al., 2001b) 
with reasons yet to be resolved. It is the failure of motile sperm to sustain fertilization and 
pregnancy (Eid et al., 1994). 
	 It can be deduced from these results that selection of bulls by FHA using sperm nu-
clear shape is a potential tool for predicting bull fertility in the buffalo species. Differences 
in development were detected as early as the first cell cycle and success of cleavage; 73.5% 
in High-fertility against 60.1% in Low-fertility bulls. It was previously demonstrated that 
low fertility bulls sire zygotes that enter DNA synthesis (S-Phase) latter suggesting repair of 
sperm DNA (Parrish and Eid, 1994; Eid et al., 1994; Eid and Parrish, 1995). The cleavage 
results in the buffalo bulls could be the result of an inability of oocytes to repair sperm 
DNA in sperm from the Low-fertility bulls.  Indeed, it has also been shown that low fertility 
bulls have altered sperm chromatin as identified by the Sperm Chromatin Structure Assay 
(SCSA; Ballachey et al., 1987; Evenson, 2016) that is highly correlated with sperm shape 
from FHA analysis (Parrish et al., 2012; 2014). Further, the SCSA has demonstrated rela-
tionships to boar, ram and human fertility (Evenson et al., 1980; Evenson et al., 1994; Sailer 
et al., 1995; Evenson, 2016). Thus, damaged DNA and abnormal chromatin are two likely 
explanations for the lower fertility in buffalo bulls classified as Low-fertility by their nuclear 
shape.
	 Motility characteristics of the High- and Low-fertility bulls classified by FHA 
showed that sperm cells of High-fertility bulls have significantly higher (P<0.05) progres-
sive motility, linearity, and straightness of movement than the Low-fertility bulls. High 
progressive motility, linearity of movement, and straightness of direction are important 
characteristics of sperm motility to effect successful fertilization as shown in higher in vitro 
fertilization rate (83.5 ± 4.4% vs. 70.1 ± 4.4%, P=0.07) among in vitro matured oocytes 
sired by High-fertility bulls. Linearity is an important parameter of success in human IVF 
(Liu et al., 1991) and in cattle (Iqbal and Hunter, 1995). Though CASA cannot accurately 
predict 'fertility' of a semen sample (Amann and Wabershi, 2014), sperm subpopulations ex-
ist, and their motility characteristics can assess the status of a sperm sample. This can be ex-
panded to the sample’s fertility potential, capitalizing on the heterogeneity (Martinez-Pastor 
et al., 2011). Sperm samples are heterogeneous so a variety of spermatozoa with different 
motion characteristics can coexist in the same ejaculate (Katz et al., 1979; Muino et al., 
2008). The significant difference on the progressive motility, LIN and STR of the sperm 
movement among High-fertility bulls guarantee higher capability of the sperm cells to swim 
in the reproductive tract and perform fertilization. These results suggest that FHA has pos-
itive correlation with progressive motility, linearity and straightness of movement assessed 
by CASA. These results also demonstrate that sperm cells of High-fertility bulls have better 
motility characteristics than the Low-fertility bulls.
	 While there was no difference on functional integrity of the sperm plasma mem-
brane between the predicted High- and Low-fertility bulls by FHA, the High-fertility bulls 
had higher percentage of sperm cells that has good functional integrity (68.0 ± 6.2 vs. 59.1
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± 6.2, P=0.35). This result suggests that the hypothesized DNA fragmentation among Low 
fertility bulls exhibit a degree of effect on the functional integrity of the sperm plasma mem-
brane that also supports the observation of lower fertilization rate among Low-fertility bulls 
when used for in vitro fertilization.
	 In these evaluations, sperm were either examined in vitro for physiological charac-
teristics of plasma membrane integrity (HOS), motility (CASA) or ability to fertilize oocytes 
in vitro and ability of zygotes to continue on in development up through hatching. These 
characteristics of sperm are related to fertility as described by Parrish et al. (2014).  Briefly, 
sperm must have an intact plasma membrane to be even capable of fertilizing an oocyte in 
vivo or in vitro and hence the relevance of HOS.  In vivo and in vitro, sperm must also be mo-
tile to penetrate an oocyte with a zona pellucida hence the need for CASA evaluation. There 
could well be a question of the importance of straightness and linearity, but it is clear that 
sperm must be motile and a sample with higher motility has a better probability of fertilizing 
oocytes. Sperm undergo the acrosome reaction when coming into contact with the zona pel-
lucida such that they can digest a pathway to enter into the perivitelline space and then fuse 
with the plasma membrane of the oocyte and initiate the first steps of fertilization, activation 
of the oocyte.  A sperm that is not motile or has damaged plasma membranes is not capable of 
surviving sufficiently long enough after thawing to be able to reach the oocyte and undergo 
the acrosome reaction.  Again, sperm must have an intact and functional plasma membrane 
when they reach the zona pellucida.  Following sperm activation of the oocyte, the sperm 
must initiate the correct division of the early embryo, formation of a blastocyst and then 
undergo hatching.  Without successfully completing these steps, fertilization fails.  These 
steps require the sperm to initiate a series of calcium waves, formation of pronuclei, and the 
switch from maternal gene activation to embryonic gene activation. Any abnormality in the 
sperm head, where the material for initiating the calcium wave and genetic contribution to 
the embryo will thus lead to failure of the embryo to develop. In these experiments, we have 
oocytes from many ovaries and thus eliminate any specific maternal contribution of a single 
female. Any differences seen in oocyte activation and embryo development are thus the 
result of differences in sperm between the two fertility groups of males. It is acknowledged 
that there are maternal effects in vivo in which all events occur in a single female but that is 
not what this paper examined. 
	 With the above results, FHA demonstrates potential and efficiency in predicting the 
fertility of water buffalo bulls through analysis of the sperm nuclear shape. The FHA is a 
computerized imaging system that analyses the precise and mathematical curvature of the 
perimeter of the sperm head that is below the accuracy of human vision to perceive. Any 
change in chromatin structure should be reflected by a change in sperm head shape. While 
this technique has described the size and curvature of mammalian sperm nucleus such as 
bull, boar, stallion for over a decade (Parrish et al., 2012), the results of this study guarantees 
the wider application of this technique in predicting bull fertility. Careful analysis indicates 
that only evaluation of sperm DNA and/or head shape has shown relationships to bovine bull 
fertility (Parrish et al., 2012; 2014) and this study demonstrates FHA use in buffalo bulls. 
	 In conclusion, buffalo bulls predicted via FHA to be of higher fertility have better 
in vitro fertility, functional integrity of plasma membrane, and sperm motion characteristics. 
Significantly, higher quality embryos were obtained when High-fertility predicted bulls sire 
embryos in vitro. FHA is efficient in predicting bull fertility.
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