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Simple Summary: Bull fertility greatly impacts the profitability of the cattle production system.
Therefore, in vivo semen analysis is an option to predict the potential fertility of the sire. The results
showed an effect of the mating period on bull sperm morphometric and displayed spermatozoon
with a more linear and faster progressiveness. In addition, we demonstrated an overall decrease in
overtime on sperm morphometrical traits of the sperm head and midpiece. Therefore, the results
obtained help us understand how the mating period affects a bull’s sperm quality while opening the
possibility for future research in other species.

Abstract: The objective of the present study was to determine the effects that the reproductive season
has on the motility, kinematics, morphology, and sperm morphometry of Brahman bulls evaluated
with a commercial CASA system. The experiment was carried out at the Costa Rica Institute of
Technology from March to August 2021. A total of eight Brahman bulls were used. A total of
28 ejaculates were collected in the pre-mating period (PMP), during it (DMP), and after it (AMP)
using an electroejaculator. The sperm concentration was measured with the Accuread photometer.
The motility was measured using a Spermtrack® counting chamber. The analyses were performed
with the CASA-Mot ISAS®v1 system. The morphology was analyzed using a microscope with a
negative phase contrast objective. Morphometry was evaluated with the CASA-Morph. The sperm
concentration did not present differences between the PMP and AMP; however, it was significantly
higher than DMP (p > 0.05). Regarding the progressiveness variables, linearity on forward progression
(LIN), straightness (STR), and wobble (WOB) were higher (p < 0.05) DMP. A kinematic principal
component analysis grouped all the variables into three factors and an effect on the reproductive
period was found (p < 0.05) in the parameters of the head and middle part of the sperm, such as
width and perimeter, which were greater in the PMP. The length of the sperm head in the PMP
and DMP did not show differences; however, both were larger (p < 0.05) than AMP. The insertion
distance of the middle piece of the sperm was significantly greater than DMP. Finally, the PMP
contained cells with a larger insertion angle (p < 0.05) than AMP. These findings are important
to understand the implications of reproductive status on sperm quality and to consider them in
andrological evaluations.
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1. Introduction

Global beef cattle production faces the challenge of producing more food sustainably
with the increasing world population [1]. Successful cattle production systems are linked
to the reproductive performance of males and females [2]. How to improve cattle repro-
ductive success could hold an answer to the challenge of food sustainability, increasing
the profitability of the system [3], and selecting animals by their potential field fertility [4].
The Bos indicus breeds, like Brahman, are the breeds most used in the tropics, and they
are adapted to tropical environments [5,6], showing high resistance to high heat stress
index and parasites, better feed efficiency on high roughage diets, and efficient thermal
exchange [7]. The reproductive performance of Zebu bulls in the harsh conditions of
the tropics is considered good compared to European breeds [8]; due to their capacity
for thermoregulation, internal temperature requirements can be maintained, to a certain
extent, at normal levels for spermatogenesis [9]. In this region, beef cattle production is
based on extensive grazing systems and reproduction is mainly based on natural mating
with the presence of a single or multiple bulls [9-11]. In this context, bull fertility plays a
key role in reproductive success [12-15], and bull selection is very important to improve
herd efficiency [10,11]. Infertile or subfertile males are a source of economic loss in beef
production systems due to delayed conception, reduced calf weight at weaning, and cow
open days [16]. In vitro semen assessment is the best way to predict the potential fertility
of a sire [17-19]. However, sire sperm quality is multifactorial [20] as it is influenced by
breed, health, nutrition, season, and mating system [21].

Sire fertility is mainly associated with the quality of sperm motility and
kinematics [22,23]. Furthermore, motility is one of the most used parameters in the world
to evaluate semen quality. Notwithstanding, it is not the most determining characteristic
when it comes to discriminating a bull as a potential breeder [24]. Sperm kinematics are
evaluated with a computer-assisted sperm analysis (CASA) system by capturing a sequence
of images of each sperm cell. Then, the system uses algorithms to trace the trajectory of the
cells, thus describing their movement [25]. There are a number of external factors that can
affect the assessment of motility and kinematics of sperm cells during an automated evalu-
ation [26]. Sperm motility and kinematic patterns can be affected by the type and depth of
the counting chamber [25-27], temperature [28], extender [28-30], frame rate [25-31], and
the dilution used [32].

The main objective of the sperm morphometric evaluation is to assess the general
structure of the cell [33,34], and it can be useful in predicting the fertility that a male could
potentially have [35-37]. The morphometry of the cells could be influenced by deficiencies
in the normal development of the sperm during spermiogenesis and their maturation along
the epididymis [34]. The morphometric assessment can analyze parameters associated with
the sperm head, acrosome, and midpiece, and it can be also used to identify morphological
abnormalities. However, to identify morphological abnormalities, subjective human inter-
vention is still required [25]. For the analysis in CASA-Morph, the fixation and staining
of the spermatozoa are required in such a way that it is easier to capture cell images and
identify the possible defects in the acrosome, head, and intermediate piece [38,39].

In species with seasonal reproduction such as deer [40], ram [41], and camel [42], the
effect of mating season has been reported. In mammals, seasonal reproduction may be
affected by environmental conditions like temperature and photoperiod [42,43]. However,
cattle in the tropics are not considered to have a seasonal reproductive pattern because
the gonads are functional throughout the year [44]. Some reports highlight that, during
the reproductive season, the ejaculates of males present a wide variability, mainly related
to sperm velocity patterns in the ejaculate [45,46]. Mating season is a stressful period for
males, and it is common for males to lose body weight and condition [47]. However, males
must be able to maintain adequate sperm parameters to preserve their potential fertility
throughout the mating season. Furthermore, some authors point out that it is important
to analyze the semen quality of bulls that are in natural mating at least once a year [48].
Reports in yearling bulls demonstrated that the evaluation of seminal quality during a
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mating season is a suitable criterion for bull selection [47] because it has been reported
that the service capacity of a sire can also be conditioned by a hereditary factor from the
father, which is correlated with fertility [49]. In addition, it has to be borne in mind that the
selection made in Zebu breeds by the breeding soundness evaluation methodology has not
been consistent in comparison to European breeds, and the measured parameters are not
sufficient to really be able to diagnose the potential fertility of the sire [50]. Therefore, semen
analysis becomes more relevant regardless of the reproduction program used on the farm,
whether it is artificial insemination (AI) or natural or controlled mating [8]. In consequence,
the aim of the present study was to determine the effect of the mating period on Brahman
bull sperm parameters such as motility, kinematics, morphology, and morphometrics using
a commercial CASA system.

2. Materials and Methods
2.1. Ethics

The experiment was conducted at a bovine cattle farm “Finca La Vega”, property of the
Costa Rica Institute of Technology, from March to August 2021. The farm is located in the
north of Costa Rica (La Vega, 10°25'20.98" N; 84°31/17.57" W, Alajuela, Costa Rica, Central
America). The study was managed following the laws and regulations for conducting
experiments on live animals in Costa Rica. This study was performed following ethical
principles and with the approval of the Committee of Centro de Investigacion y Desarrollo
en Agricultura Sostenible para el Trépico Huimedo at the Costa Rica Institute of Technology
(CIDASTH-ITCR), according to Section 01/2019, article 1.0, DAGSC-074-2019. The study
was carried out in compliance with ARRIVE guidelines (https:/ /arriveguidelines.org/;
accessed on 25 January 2021).

2.2. Animals and Mating Period

A total of eight mature bulls of the Brahman breed were used. At the beginning of the
experiment, the average age of the males was 57.12 & 14.50 months. Prior to the start of the
experiment, all the bulls had successfully passed a standard breeding soundness evaluation.
The bulls were randomized and divided into pairs. Each pair (4 pairs) had one distinct
through an 84-day mating season (late May to mid-August). Ejaculates were collected
from each pair prior to, during, and after the mating period. Pre-mating period samples
(PMP) were collected one to two days before each pair of bulls started mating. Samples
corresponding to the post-mating period were obtained 21.88 + 9.43 days after finishing
the period (after the mating period; AMP). For the collection of samples during the mating
period (DMP), each pair was in natural mating for at least fourteen days and a maximum
of twenty-one days in a breeding herd of 180 cows, with a collection frequency of every
seven days. However, due to handling and health issues, one of the animals had to be
removed from the study because it did not complete the minimum number of ejaculations
per individual. The scrotal circumference (SC) of the bulls was measured prior to each
semen collection.

2.3. Semen Collection

A total of 28 ejaculates were collected by electroejaculation [51,52]. An automatic
program of electrical stimulus was delivered using a 75 mm diameter transrectal probe
(Pulsator V, Lane Manufacturing, Denver, CO, USA) with a preprogrammed cycle, alter-
nating stimuli of increasing intensity until ejaculation. Each animal was subjected to up
to two cycles of 36 increasingly strong electrical stimuli, each cycle consisting of, first, six
stimuli of 1-2 V, nine of 3-5 V, twelve of 6 V, and nine of 7 V. Each stimulus lasted 3.5 s,
during which time rectal massage was performed with the probe. Stimulation was halted
the moment that ejaculation occurred or when one cycle had been completed without
ejaculation according to Toledano-Diaz et al. [53]. If the bull did not ejaculate on the first
collection attempt, the animal was allowed to rest for 5 to 8 min before a second attempt was
made. Semen samples were collected in sterile 15 mL Falcon tubes; they were then diluted
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1:1 (vol/vol) in one step with a commercial extender (Bioxcell®; IMV, L’Aigle, France) and
prewarmed at 37 °C to avoid temperature shock in Eppendorf® tubes (Sigma-Aldrich, St.
Louis, MO, USA). The concentration of each ejaculate was estimated with the Accuread
bovine photometer (IMV, L' Aigle, France).

2.4. Sperm Kinematics and Motility

To analyze motility, Spermtrack® reusable counting chambers (Proiser R+D, Paterna,
Spain) were used after being prewarmed to 37 °C. After thorough mixing of the diluted
semen samples, 2.7 uL of diluted semen was placed in the counting chamber. Analyses were
conducted with the CASA-Mot system ISAS®v1 (Integrated Semen Analysis System, Proiser
R+D, Paterna, Spain) fitted with a video camera (Proiser 782 M, Proiser R+D) using a frame
rate of 40 frames per second (fps) and a final resolution of 768 x 576 pixels. The camera
was attached to a microscope UB203 (UOP/Proiser R+D) with a 1x eyepiece and a 10X
negative phase contrast objective (AN 0.25), and an integrated heated stage was maintained
at 37.0 £ 0.5 °C. Sperm motility and kinematics were quantified capturing a least seven
microscope fields with a minimum of 600 sperm cells per field. The variables in the motility
analysis were the percentages of total motility (TM) and progressive motility (PM). The
kinematic variables assessed were the rectilinear velocity (VSL), curvilinear velocity (VCL),
and average path velocity (VAP) expressed in um/s. The crossover frequency (BCF) in
Hz and the lateral displacement of the head (ALH) in um were also obtained, in addition
to linearity (LIN = VSL/VCL-100), straightness (STR = VSL/VAP x 100), and wobble
(WOB = VAP/VCL x 100).

2.5. Morphology

Samples were prepared for each bull ejaculate. For each sample, 10 pL of previously
diluted and mixed semen was placed on a slide, smeared, and covered with a coverslip,
and the slide was introduced into the Trumorph® (Proiser R+D, SL, Paterna, Spain), which
subjected the sample to a thermal pulse at 65 °C and a constant force on the coverslip of
20 kiloponds (kp), as previously described by Soler et al. [54]. Once the sample preparation
process was completed, the samples were analyzed in a UB203 microscope (UOP /Proiser
R+D) with a 1x eyepiece and a 40 x negative phase contrast objective to evaluate sperm
cells according to their morphology. Two hundred cells per sample were counted and the
percentages of normal and abnormal cells were obtained.

2.6. Morphometry

Two subsamples of 10 pL were taken from each ejaculate, placed on a prewarmed
slide, smeared, and allowed to air dry. Samples were stained with the Diff-Quick® com-
mercial kit (Medion Diagnostics, Diidingen, Switzerland), according to the manufacturer’s
instructions. After placing a coverslip on the stained samples, images were captured under
the microscope using a CASA-Morph ISAS®v1 system (Proiser R+D). For this analysis, the
heads of 120 spermatozoa were randomly captured in different fields, rejecting only those
that overlapped with background particles or other cells that interfered with subsequent
image processing. Initial erroneous definitions of the sperm head limit and midpiece were
corrected by varying the analysis factor of the system. When it was not possible to obtain a
correct limit, the sperm was eliminated from the analysis. Five head size measures were
taken by the system: length (L, um), width (W, um), area (A, um?), perimeter (P, pm),
and percentage of head occupied by the acrosome. Four head shape variables were calcu-
lated: ellipticity (L/W), rugosity (4mA/P?), elongation ((L — W)/(L + W)), and regularity
(mLW /4A). Four measurements of the sperm midpiece were quantified: length (um), area
(um?), insertion distance (um), and insertion angle (°).

2.7. Statistical Analysis

The data obtained from the CASA-mot analysis of all sperm motility, kinematics,
and morphometric variables were assessed for homoscedasticity using Levene’s tests.
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A normal probability plot was used to assess the normal distribution. ANOVA was
further applied to evaluate statistical differences between treatments for the mating pe-
riod. Pairwise comparisons between the mating period means were performed using the
Tukey-Kramer test.

Multivariate Procedures

Multivariate analyses were performed using principal factor analysis (PFA) to identify
sperm clusters and to derive a small number of linear combinations from this subset of
sperm kinematics. All values for kinematics variables were standardized to avoid any
scaling effects. Prior commonalities for this analysis were estimated from the maximum
absolute correlation coefficient between each variable and any other. The number of
principal factors (PFs) to be extracted was determined by selecting only those with an
eigenvalue >1 (Kaiser criterion). The measure of dataset adequacy for factor extraction was
also determined by the KMO (Kaiser-Meyer—Olkin) statistic. The varimax method with
Kaiser normalization was used as a rotation method. A two-step cluster procedure with
the sperm-derived indices obtained after the PCA was performed. All sperm kinematic
variables within each ejaculate were clustered according to velocity, linearity, and oscillation
parameters using a non-hierarchical K-means clustering procedure (K-means model and
Euclidean distance). ANOVA was further applied to evaluate statistical differences between
clusters for all kinematics variables. The threshold for significance was defined as p < 0.05.
A pairwise comparison between cluster means was performed via the Tukey—Kramer
test. The results are presented as mean =+ standard deviation of the mean. All data were
analyzed using the IBM SPSS statistical program, version 23.0, for Windows (SPSS Inc.,
Chicago, IL, USA).

3. Results

The characteristics of bull ejaculates in relation to the mating period (PMP, DMP, or
AMP) are summarized in Table 1. The comparison of the seminal parameters of males prior
to, during, and after the mating period did not show an effect of mating activity (p > 0.05)
on percentages of TM and PM. Sperm concentration did not show differences between
the PMP and AMP (p > 0.05); however, both were significantly higher than DMP. The bull
scrotal circumference did not significantly vary depending on mating PMP, DMP, and AMP.
A significant decrease in volume and sperm concentration was observed during the mating
period (p < 0.05). There were no differences (p > 0.05) in percentages of normal sperm
morphology and total abnormal sperm.

Table 1. Effect of different times during mating period on seminal characteristics (mean + SEM) of
ejaculates from Brahman bulls.

Times of Mating Periods

Variable
PMP DMP AMP
SC (cm) 4121 +1.04 41.84 +0.74 42,15+ 1.12
Ejaculate volume (mL) 670 £1.492 2.75 +0.97b 779 £1.262
Concentration (x10° sperm/mL) 141+0252 0.66 +£0.16 P 144 +0212
™™ (%) 75.68 + 4.13 69.85 £+ 2.92 75.82 +£2.13
PM (%) 65.83 +4.13 63.92 +2.92 67.90 + 4.13
Normal sperm (%) 88.81 +£2.13 89.76 + 1.51 87.60 £ 2.13
Abnormal sperm (%) 11.19 £ 2.13 10.24 +1.51 12.40 +2.13

PMP: pre-mating period, DMP: during mating period, AMP: after mating period, SEM: standard error of mean,
SC: scrotal circumference, TM: total motility, PM: progressive motility. > Different letters within rows indicate
differences in seminal characteristics between different times during mating period. p < 0.05.

Sperm kinematics was strongly affected by mating periods (Table 2; p < 0.05). Velocities
were higher when bulls left the breeding herd (5.21-9.94% and 29.64-33.88%) than in AMP
and PMP, respectively. Trajectory variables such as LIN, STR, and WOB, were higher
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during the mating period (2.44-8.62%) for the PMP and (0.42-3.80%) for AMP. Lateral
displacement of the head (ALH) and BCF were higher (p < 0.05) after the mating period
compared to prior and during mating.

Table 2. Effect of mating period on motility and kinematic sperm variables (mean + SEM) of ejaculates
from Brahman bulls.

Times of Mating Periods

Variable
PMP DMP AMP
VCL (um/s) 120.87 + 0.59 ¢ 141.87 +£0.50 155.97 + 0.69 2
VSL (um/s) 86.05 & 0.52 ¢ 107.71 + 0.44 " 113.32 £ 0.612
VAP (um/s) 91.98 4+ 0.50 114.37 + 042 123.14 + 0.58 2
LIN (%) 68.69 &+ 0.22 ¢ 74.61 + 0.18 2 71.88 + 0.25P
STR (%) 88.46 = 0.17° 90.62 + 0.142 89.03 +0.19
WOB (%) 74.69 + 0.16 € 79.98 + (.13 2 78.65 + 0.19b
ALH (um) 261 +0.01P 257 £0.01°¢ 2.68 +0.012
BCF (Hz) 13.95 + 0.06 15.08 + 0.05P 16.49 + 0.07 2

PMP: pre-mating period, DMP: during mating period, AMP: after mating period, SEM: standard error of mean,
VCL: curvilinear velocity, VSL: straight-line velocity, VAP: average path velocity, LIN: linearity of forward
progression, STR: straightness, WOB: wobble, ALH: amplitude of lateral head displacement, BCF: beat-cross
frequency.  Different letters within rows indicate differences in seminal characteristics between different times
during mating period. p < 0.05.

The effects of different times during the mating period on the sperm head and midpiece
parameters were found (p < 0.05). Values for the sperm head parameters, such as width,
area, and perimeter, were higher in the PMP than DMP and AMP. The sperm head length
did not show differences between the PMP and DMP; however, both were larger at these
times (p < 0.05) than AMP. The sperm form also showed differences (p <0.05) and they
were higher in the PMP and DMP than AMP: ellipticity (1.876 =+ 0.004 and 1.880 =+ 0.003)
and elongation (0.303 + 0.001 and 0.304 + 0.001). Sperm regularity (0.897 + 0.003) DMP
was, in fact, higher (p < 0.05) than in the PMP and AMP. Nevertheless, the rugosity of
the sperm cell showed significant differences DMP and AMP, with a higher mean AMP
(0.757 £ 0.001).

Regarding sperm midpiece variables, width did not present differences between the
PMP and DMP; however, both were higher (p < 0.05) than AMP. Sperm with a larger
midpiece area were observed AMP (10.87 & 0.06 um?). The sperm midpiece distance of
insertion was significantly higher DMP (0.317 4 0.003um). Finally, the PMP (7.92 & 0.16°)
contained cells with higher (p < 0.05) insertion angles than DMP (6.82 + 0.11°) and AMP
(5.82 £ 0.16°) (Table 3).

Principal component analysis grouped all kinematics variables from the PMP, DMP,
and AMP into three PC factors. PMP-PC1 factors were associated positively with all
trajectory relations (LIN, STR, and WOB) and VCL. PMP-PC2 was related to all velocity
parameters (VCL, VSL, and VAP) and ALH. PMP-PC3 was associated with BCF. DMP-PC1
was associated with the same factors as PMP-PC2, while DMP-PC2 was associated posi-
tively with sperm linearity index (LIN), straightness (STR), and wobble (WOB). The total
variance explained was 89.26%, 90.84%, and 90.72% for PMP, DMP, and AMDP, respectively
(Table 4).

Sperm subpopulations presented differences depending on the time of mating pe-
riod (Table 5; p < 0.05). PMP-SP3 was the subpopulation that exhibited the highest VCL,
VSL, and VAP (154.89 £ 0.69 um/s, 130.47 & 0.56 pm/s, and 133.25 &= 0.56 pm/s, respec-
tively). Likewise, PMP-SP3 also included sperm with the highest LIN, STR, and WOB
(83.90 £ 0.26%, 95.51 +£ 0.20%, and 86.04 + 0.23%, respectively). More oscillatory move-
ment was seen in PMP-SP1, with higher ALH and BCF (3.08 £ 0.02 um, 20.25 £ 0.09 Hz).
For DMS, the ejaculate subpopulation with the highest velocities (VCL, VSL, and VAP) was
DMP-SP3. The DMP-SP2 subpopulation had a higher LIN, STR, and WOB (89.71 =+ 0.18%,
95.85 £ 0.14%, and 92.16 + 0.16%, respectively) than DMP-SP1, DMP-SP3, and DMP-
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SP4. More undulatory spermatozoa were represented in DMP-SP3, with the highest ALH
(4.11 £ 0.01 pm) and BCF (19.00 £ 0.08 Hz). The AMP subpopulations with the highest
speeds were AMP-SP4 (VCL, 222.59 + 1.03 ym/s) and AMP-SP1 (VSL, 153.55 + 0.65 um/s
and VAP, 165.16 £ 0.65 um/s). The subpopulation with the highest LIN (84.22 4 0.26%)
and WOB (90.89 + 0.22%) was AMP-SP1, whereas AMP-5P2 showed higher values for STR
(96.25 & 0.20%). Finally, more undulatory spermatozoa in AMP were grouped in SP4, with
higher (p < 0.05) ALH (4.20 + 0.02 um) and BCF (22.58 + 0.13 Hz).

Table 3.
(mean =+ SEM) of ejaculates from Brahman bulls.

Effect of mating period on morphometry variables of sperm head and midpiece

Times of Mating Period
Variable
PMP DMP AMP
Sperm head

Length (um) 9.41 +0.02 9.38 +0.01 2 9.14 +0.02°

Width (um) 5.03 +0.01 2 5.00 4 0.01° 495 +0.01°¢
Area (um?) 41.62+0.082 41.07 +0.06° 39.91 +0.08
Perimeter (jum) 2629 +0.032 26.17 £ 0.02° 25.74 +0.03
Acrosome (%) 59.86 + 0.11° 60.58 + 0.08 2 59.92 +0.11°
Ellipticity 1.876 4 0.004 1.880 + 0.003 2 1.851 + 0.004 °
Rugosity 0.757 £ 0.001 0.754 4 0.001 ° 0.757 +0.0012
Elongation 0.303 +0.001 2 0.304 + 0.001 2 0.297 + 0.001 °
Regularity 0.894 + 0.001 ° 0.897 + 0.001 2 0.891 + 0.001 P

Sperm midpiece

Width (um) 1.92 +0.012 1.91 +0.012 1.87 +0.01P
Area (um?) 10.69 + 0.06 2° 10.65 +0.04 ® 10.87 4 0.06 2
Insertion distance (ym) 0.307 + 0.005 2P 0.317 + 0.003 2 0.303 + 0.005 P

Insertion angle (°) 792 +£0.16% 6.82 £ 011" 582 +0.16 ¢

PMP: pre-mating period, DMP: during mating period, AMP: after mating period, SEM: standard error of
the mean, Length: L, Width: W, Area: A, Perimeter: P, Ellipticity: L/W, Rugosity: 4mA/P2, Elongation:
(L — W)/(L + W), Regularity: nLW /4A. ¢ Different letters within rows indicate differences in seminal character-
istics between different times during mating period. p < 0.05.

Table 4. Eigenvectors of principal components (PCs) for kinematic variables of ejaculates according

to the different times of the mating period.

Times of Mating Period

Variable PMP DMP AMP
PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
VCL 0.935 0.966 0.961
VSL 0.652 0.682 0.834 0.771
VAP 0.799 0.928 0.900
LIN 0.963 0.983 0.976
STR 0.680 0.769 0.720
WOB 0.930 0.885 0.873
ALH 0.826 0.765 0.698
BCF 0.859 0.875 0.854
Var Exp 54.39 25.45 9.43 49.39 30.23 11.20 47.66 29.60 13.46

PMP: pre-mating period, DMP: during mating period, AMP: after mating period, VCL: curvilinear velocity, VSL:
straight-line velocity, VAP: average path velocity, LIN: linearity of forward progression, STR: straightness, WOB:
wobble, ALH: amplitude of lateral head displacement, BCF: beat-cross frequency, Var Exp: variance explained
in each PC. Total variance explained: PMS = 89.26%, DMS = 90.84%, AMS = 90.72%. The table shows the most
important variables in each PC. Only eigenvectors > 0.6 are presented.
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Table 5. Kinematic values (mean = SEM) of the four sperm subpopulations (SPs) according to the
different times during mating period.

Variable VCL (um/s) VSL (um/s) VAP (um/s) LIN (%) STR (%) WOB (%) ALH (pm) BCF (Hz)

PMP

SP1 14822 4 0.80° 9675+ 0.65°  100.10  0.65>  64.90 +- 0.31¢ 94.42 +0.23° 67.15 +0.27 ¢ 3.08 +0.02° 20.25 4+ 0.09

SP2 102.01 £1.02¢  32.97 +0.83¢ 57.71 4+ 0.82¢ 30.23 +0.39 ¢ 5465 4 0.29 4 5477 + 0.34 4 3.00 +0.02° 8.87 +0.114

SP3 154.89 +0.692 13047 £0.56%  133.25+0.56  83.90 + 0.26* 95.51 4+ 0.202 86.04 = 0.232 2.87 4 0.01¢ 13.09 + 0.07°

SP4 73.42 +0.70¢ 56.18 + 0.57 58.41 + 0.57 73.34 +0.27° 92,62 +0.20 ¢ 77.58 +0.23° 1.81 +0.024 11.07 +0.08
DMP

SP1 9419 = 1.114 30.98 +0.95 4 56.99 + 0.97 ¢ 33.67 +0.31 ¢ 58.28 1+ 0.25 ¢ 58.05 4 0.27 4 242 +0.02° 8.85+0.104

SP2 141.38 £ 0.65°  127.89 £ 055> 13058 £ 056>  89.71 +0.182 95.85 + 0.14 2 92.16 + 0.16 2.03+0.014 12.09 =+ 0.06

SP3 22211+ 0.842 15887 +0.71@ 1679540732 7249 4+ 0.24¢ 92.96 +0.19° 76.60 + 0.21°¢ 41140012 19.00 = 0.082

SP4 106.59 + 0.68€  80.46 + 0.58 82.65 + 0.59 © 75.18 £0.19° 95.47 +0.152 77.51 £0.17° 217 +0.01¢ 18.00 =+ 0.06 °
AMP

SP1 181.94 +0.78>  153.55+0.65%  165.16 +0.652  84.22 +0.262 91.57 +0.23° 90.89 +0.222 252 +0.02° 13.37 £0.10¢

SP2 11910 £071¢ 9418 £ 0.59°¢ 96.12 4 0.59 78.61 +0.23° 96.25 + 0.20 2 80.50 + 0.20® 2.15 4 0.01¢ 18.18 £ 0.09°

SP3 101.35+1.324  30.81 +1.094 61.85 & 1.09 4 30.50 & 0.43 d 52.96 +0.38 © 57.76 4+ 0.37 4 2.46 + 0.03P 9.67 +0.17 4

SP4 22259 +£1.03%  133.84+0.82P 14442 +0.85>  60.62 £0.34°¢ 91.09 + 0.30 P 65.50 4 0.29 420 +0.02° 22.58 =0.132

PMP: pre-mating period, DMP: during mating period, AMP: after mating period, SEM: standard error of mean,
VCL: curvilinear velocity, VSL: straight-line velocity, VAP: average path velocity, LIN: linearity of forward
progression, STR: straightness, WOB: wobble, ALH: amplitude of lateral head displacement, BCF: beat-cross
frequency. >4 Different letters within columns indicate differences between ejaculate subpopulations according to
the different times during mating period. p < 0.05.

4. Discussion

Regardless of the type of reproductive strategy used on the farm, whether it is natural
mating or artificial insemination, the bull used must have a scrotal circumference higher
than thirty-two centimeters to produce large amounts of sperm with normal morphol-
ogy [16]. Approximately sixty days elapsed between the first and last semen collection,
which roughly coincides with the duration of the spermatogenesis process, and our results
showed that the morphology of the spermatozoa was not affected during the different times
of the mating period (p > 0.05). The lack of differences between the ejaculates obtained
before and after the mating period suggests that, even though the animals experienced
constant sexual activity, sperm morphology was not affected. In dairy cattle, the breeding
soundness evaluation methodology has been standardized regarding variables related
to bull semen quality before and after the mating season [55]. It has been reported that
variations in mean values for sperm motility and morphology do not differ much before
and after the mating season, which does coincide with the results observed in this study.
However, for this kind of analysis, a standard methodology, which is replicated in the
same way in laboratories that analyze semen quality, has not been defined; thus, variability
between studies may exist [56].

Regarding sperm concentration, studies on B. taurus crossbreeds aged between one and
two years suggest that animals used during a 28-day breeding season tend to experience
a decrease in sperm concentration and an increase in seminal plasma interleukin-8 levels
at the end of the mating period [57]. In our work, the bulls were in breeding pastures, in
pairs, for a period of twenty-one days, and the mating season extended for approximately
eighty days. It has been reported that the potential fertility of a male is dependent on the
interaction of multiple factors such as management, environment, and the individual’s
own physical and reproductive conditions [47]. Moreover, when analyzing the data before
and during the mating period, a similar effect to that described by Snider et al. [57] can
be observed, as sperm concentration decreases significantly during the mating period
(p < 0.05). These authors pointed out that the decline in sperm concentration is of great
importance because males showing this effect may potentially be unable to fertilize with
females in high male-to-female ratios during the mating season, affecting the pregnancy
rate of the productive system.

Motility is one of the most relevant parameters when measuring the potential of
sperm to fertilize the egg [15]. The kinematic variables in our study showed a significant
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increase (p < 0.05) over time, which could be attributed to the process of spermatogenesis.
This suggests that in the ejaculates collected during the pre-mating period, sperm cells
were aged and very close to being reabsorbed, while upon reaching the mating season,
on average, these cells were at their peak, approximately 60 days into spermatogenesis.
However, some studies in yearling bulls mention that animals may exhibit satisfactory
fertility prior to the start of the breeding season, but this condition can be affected once
it concludes. In other words, during the mating season, the animal undergoes physical
and reproductive changes related to stress conditions generated by reproductive activity.
This should take into account the physiology, the environment, and the injuries the animal
may suffer, which can limit its fertility [47]. However, our data do not reflect the same
behavior. The spermatozoa of domestic animals have a linear movement, which is an
adaptation that allows them to avoid the obstacles that arise to reach the ampulla, the
site where fertilization takes place [30], although it should be taken into account that
species may differ in their pattern of movement [58,59]. Also, it is believed that the adverse
conditions within the uterus and oviduct are essential for selecting the most suitable sperm
for fertilization [60]. Reports on stallions did not register differences in sperm TM during
breeding and resting seasons [61], thus agreeing with the results obtained in this study.
Several authors describe a positive effect of collection frequency in bull sperm TM [4], but,
in our study, during the mating period, in which there is a higher ejaculation frequency, the
opposite effect was observed, with bulls showing the lowest TM, which can be related to a
high renewal rate and no adequate maturation of spermatozoa. Likewise, bulls that are not
sexually active tend to have reductions in sperm motility [9], although in our study, the
effect was different because TM and PM were higher in the PMP and AMP. In any case,
these differences were not significant. The results of multivariate analysis revealed three
PCs for the prior, during, and after mating sperm kinetics variables. From these PCs, a
total of four sperm subpopulations were identified and were consistent with other studies
conducted in bulls [62,63]. There are no studies on kinetics subpopulations during a mating
period, with prior analyses related to types of semen diluent used [28-63], multivariate
analysis, sperm velocity and linearity [62], membrane integrity [22], frames per second
used [31], and the overall dataset [64]. Our results indicate, in general, that subpopulations
with faster and straighter movement were SP3 in PMS, SP3 in DMS, and SP1 in AMS. The
results from other studies suggest that bulls whose spermatozoa exhibit more progressive
movement and are straighter tend to have higher fertility in vivo [12,23,30,62].

The importance of morphometric analysis of spermatozoa lies in the prediction that
can be made about the potential fertility of a male in a productive system [35-37]. The
results of our morphometric assessments showed a wide variability prior to, during, and
after the mating period. Effects on spermatogenesis can give rise to variations in the size
of the spermatozoa and could explain the results observed for sperm head and midpiece
size and shape variables that were low after mating; it could be specially related with
frequency of collection/ejaculation [65] and a competition effect between males [66,67].
Moreover, Kondracki et al. [68] reported in bulls that sperm head size increases as the
sperm concentration of the ejaculate decreases. Our results did not show an effect on sperm
head size; rather, this effect was observed on the shape of the spermatozoa, which became
more elongated, elliptical, and regular during the mating period at concentrations close to
700 million per ml, and it can be also related with the motility of the spermatozoa. The size
and the shape of the sperm can affect the kinematic parameters [46,69,70]. The shape of
the cell is important because it can reduce fluid resistance to spermatozoa movement [29].
During mating, the sperm cell forms were more elongated, elliptical, and regular, and as
our results suggest, this had a positive influence on the linearity and the straightness of
the movement. Other authors reported that more elongated spermatozoa tend to present a
faster and more linear movement [71], which is in agreement with what was observed in
this study during the mating period. Other studies pointed out that the progressiveness
of the movement is what dictates the potential fertility of a sire [68]. On the other hand, it
may be that the differences in the results for sperm morphometry observed in this study
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with respect to other studies are largely due to the type of fixation, staining technique
used [34,37-39], as well as software and settings used [72]. It is also worth considering that
the technique of fixation and staining can reduce the size of the head traits [36].

Regarding the variables of the sperm midpiece, there is scanty literature for Bos indicus
breeds since most studies only focus on the length of the midpiece or on the global analysis
of the head. However, some references in dairy bulls [72], vicuna [73], and deer [74] report
values for width, area, angle, and insertion distance variables of the midpiece. The relevance
of evaluating the midpiece parameters lies in the fact that they present wide variability,
which is due to the fact that they are dependent on factors such as age, breed, and the
sire [75]. Our results indicated that the status of the bull during the mating period also
affects these parameters. The sperm midpiece contains the mitochondria which, through
the process of oxidative phosphorylation, provides energy to sperm [76,77]. A hypothesis
that is proposed suggests that cells whose intermediate piece tends to be larger present
greater energy production in birds [78]; however, this premise does not imply greater
speed of movement since it has been shown that the size of the midpiece has a negative
correlation with sperm speed in mammals [79]. Furthermore, the size of the midpiece has
great relevance to explain the evolution of the species’ spermatozoa, mainly associated
with a selection pressure as a consequence of sperm competition [76,78,80].

We should also bear in mind that, during the mating period, the bulls sampled may
have mated previously, which could directly affect the parameters of both the motility and
kinematic patterns (general means and subpopulation structure), as well as the morphology
and morphometry of the spermatozoa. The effect of the sire on the characteristics of the
semen should also be also taken into account [29] by not only considering an individ-
ual effect, but also the differences that the ejaculates of the same sire can present over
time [12,20,41]. In this work, we expanded the perspective on how ejaculate characteris-
tics behave throughout the entire mating season, considering traits before, during, and
after the mating period, as well as some features associated with bull semen quality and
potential fertility. To the best of our knowledge, similar studies that also consider the
behavior of bulls during mating have not been reported. Likewise, our results are based on
a wide range of sperm characteristics objectively obtained through CASA technology and
by considering variables that provide a more comprehensive description of sperm shape,
size, and kinematics. Thus, this work opens a new avenue of research for future studies
and emphasizes the importance of evaluating sires from the beginning to the end of the
mating season.

5. Conclusions

An important effect of the mating period was observed on sperm morphometric and
kinematic parameters for Brahman bulls. During the pre-mating period and after the
mating period, ejaculate samples presented a higher sperm cell concentration and slightly
higher sperm motility (total and progressive). The spermatozoa during the mating period
showed a more linear, faster, and straighter movement. Overall, the morphometrical traits
of the sperm head and midpiece decreased over time. These findings could be important to
help us better understand the impact of mating activity over sperm quality and its value as
a condition in breeding soundness evaluation programs.

Author Contributions: Conceptualization, A.V., ER.S.R. and M.A.S; methodology, .A.-Z., ES. and
A.V,; software, .A.-Z.; validation, I.A.-Z., ES. and A.V,; formal analysis, A.V.; investigation, [.A.-Z.,
ES., RM.-M. and A.V,; resources, A.V; data curation, A.V.; writing—original draft preparation, I.A.-Z.
and A.V,; writing—review and editing, .A-Z., ER.S.R.,, M.AS,, ES., M.B.-M. and A.V,; visualization,
ERSR,MAS,RM.-M., M.B.-M. and A.V,; supervision, A.V.; project administration, A.V,; funding
acquisition, RM.-M., M.A.S. and A.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Costa Rica Institute of Technology (Vice-Chancellor’s
Office of Research and Extension; VIE (Vicerrectoria de Investigacion y Extension); Project 5402-
2151-1019). It was also supported by AGROALNEXT program (AGROALNEXT/2022/063). The



Animals 2024, 14, 132 11 of 14

funders had no role in study design, data collection, analysis, decision to publish, or preparation of
the manuscript.

Institutional Review Board Statement: The study was conducted according to the approval of
the ethical principles of the Committee of “Centro de Investigacion y Desarrollo de la Agricultura
Sostenible para el Trépico Himedo” at the Costa Rica Institute of Technology (CIDASTH-ITCR)
according to Section 01/2019, article 1.0, DAGSC-074-2019; approval date is 5 March 2019.

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: The authors thank the Costa Rica Institute of Technology (Vice-Chancellor’s
office of Research and Extension; VIE (Vicerrectoria de Investigacion y Extensién); Project 5402-
2151-1019) for financing this study. The authors are grateful to the School of Agronomy (Programa
de Produccion Agropecuaria-PPA, Finca La Vega) at Costa Rica Institute of Technology (TEC) for
supplying the bull ejaculates.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Agus, A.; Widi, T.S.M. Current Situation and Future Prospects for Beef Cattle Production in Indonesia—A Review. Asian-Australas.
J. Anim. Sci. 2018, 31, 976-983. [CrossRef] [PubMed]

Madhusoodan, A.P; Sejian, V.; Rashamol, V.P.; Savitha, S.T.; Bagath, M.; Krishnan, G.; Bhatta, R. Resilient Capacity of Cattle to
Environmental Challenges—An Updated Review. . Anim. Behav. Biometeorol. 2019, 7, 104-118. [CrossRef]

Fernandes Junior, G.A; Silva, D.A.; Mota, L.EM.; de Melo, T.P; Fonseca, L.FS,; Silva, D.B.D.S.; Carvalheiro, R.; De Albuquerque,
L.G. Sustainable Intensification of Beef Production in the Tropics: The Role of Genetically Improving Sexual Precocity of Heifers.
Animals 2022, 12, 174. [CrossRef] [PubMed]

Taaffe, P; O'Meara, C.M.; Stiavnicka, M.; Byrne, C.J.; Eivers, B.; Lonergan, P.; Fair, S. Increasing the Frequency of Ejaculate
Collection in Young Dairy Bulls Increases Semen Production and Field Fertility. Theriogenology 2022, 182, 45-52. [CrossRef]
[PubMed]

Chacoén, J.; Miiller, E.; Soderquist, L.; Rodriguez-Martinez, H. Breeding Soundness Evaluation of Extensivelty Managed Bulls in
Costa Rica. Theriogenology 1999, 52, 221-231. [CrossRef] [PubMed]

Schutt, K.M.; Burrow, H.M.; Thompson, ].M.; Bindon, B.M. Brahman and Brahman Crossbred Cattle Grown on Pasture and in
Feedlots in Subtropical and Temperate Australia. 1. Carcass Quality. Anim. Prod. Sci. 2009, 49, 426—438. [CrossRef]

Cooke, R.F; Daigle, C.L.; Moriel, P.; Smith, S.B.; Tedeschi, L.O.; Vendramini, ] M.B. Cattle Adapted to Tropical and Subtropical
Environments: Social, Nutritional, and Carcass Quality Considerations. J. Anim. Sci. 2020, 98, skaa014. [CrossRef] [PubMed]
Torres-Aburto, V.E; Barrientos-Morales, M.; Hernandez-Flores, H.; Rodriguez-Andrade, A.; Cervantes-Acosta, P.; Landi, V,;
Beltran, A.H.; Dominguez-Mancera, B. Breeding Soundness Examination and Herd Proficiency of Local Genetic Groups of Bulls
in Tropical Environment Conditions in Veracruz, Mexico. Ital. |. Anim. Sci. 2020, 19, 840-855. [CrossRef]

Chacén, J.; Pérez, E.; Rodriguez-Martinez, H. Seasonal Variations in Testicular Consistency, Scrotal Circumference and
Spermiogramme Parameters of Extensively Reared Brahman (Bos indicus) Bulls in the Tropics. Theriogenology 2002, 58, 41-50.
[CrossRef]

Molina, R.; Bolafios, I.; Galina, C.S.; Pérez, E.; Paniagua, G.; Estrada, S. Sexual Behaviour of Zebu Bulls in the Humid Tropics of
Costa Rica: Single versus Multiple-Sire Groups. Anim. Reprod. Sci. 2000, 64, 139-148. [CrossRef]

Molina, R.; Galina, C.S.; Camacho, J.; Maquivar, M.; Diaz, G.S.; Estrada, S.; Martinez, L. Effect of Alternating Bulls as a
Management Tool to Improve the Reproductive Performance of Suckled Zebu Cows in the Humid Tropics of Costa Rica. Anim.
Reprod. Sci. 2002, 69, 159-173. [CrossRef] [PubMed]

Farrell, P.B.; Presicce, G.A.; Brockett, C.C.; Foote, R.H. Quantification of Bull Sperm Characteristics Measured by Computer-
Assisted Sperm Analysis (CASA) and the Relationship to Fertility. Theriogenology 1998, 49, 871-879. [CrossRef] [PubMed]
Garcia-Paloma, J.A.; Fernandez-Novo, A.; Perez-Villalobos, N.; Astiz, S. Comparative Cognition & Behavior Reviews The
Importance of Reproductive Behavior Tests in Bull Breeding Soundness Evaluation. Comp. Cogn. Behav. Rev. 2022, 17, 1-12.
[CrossRef]

Martinez-Albarran, J.F.; Galina-Hidalgo, C.S.; Rubio-Gutiérrez, I.; Balam-Villarreal, W.L.; Corro-Morales, M.D. Reproductive
and Cost Assessment of a Seasonal Breeding Program with Bos indicus in Tropical Mexico. Rev. MVZ Cérdoba 2021, 26, €2130.
[CrossRef]

Nagy, A Polichronopoulos, T.; Gaspardy, A.; Solti, L.; Cseh, S. Correlation between Bull Fertility and Sperm Cell Velocity
Parameters Generated by Computer-Assisted Semen Analysis. Acta Vet. Hung. 2015, 63, 370-381. [CrossRef] [PubMed]

Barth, A.D. Review: The Use of Bull Breeding Soundness Evaluation to Identify Subfertile and Infertile Bulls. Animal 2018, 12,
$158-s164. [CrossRef] [PubMed]



Animals 2024, 14, 132 12 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Oliveira, L.Z.; de Arruda, R.P; de Andrade, A.F.C.; Celeghini, E.C.C.; dos Santos, R.M.; Beletti, M.E.; Peres, R EG.; Oliveira, C.S,;
Hossepian de Lima, V.EM. Assessment of Field Fertility and Several in Vitro Sperm Characteristics Following the Use of Different
Angus Sires in a Timed-AlI Program with Suckled Nelore Cows. Livest. Sci. 2012, 146, 38-46. [CrossRef]

Rodriguez-Martinez, H.; Barth, A.D. In Vitro Evaluation of Sperm Quality Related to in Vivo Function and Fertility. Soc. Reprod.
Fertil. Suppl. 2007, 64, 39-54. [CrossRef]

Zhang, B.R.; Larsson, B.; Lundeheim, N.; Haard, M.G.H.; Rodriguez-Martinez, H. Prediction of Bull Fertility by Combined in
Vitro Assessments of Frozen-Thawed Semen from Young Dairy Bulls Entering an Al-Programme. Int. J. Androl. 1999, 22, 253-260.
[CrossRef]

Calderén-Calderdn, J.; Sevilla, F.; Roldan, E.R.S.; Barquero, V.; Valverde, A. Influence of Fat-Soluble Vitamin Intramuscular
Supplementation on Kinematic and Morphometric Sperm Parameters of Boar Ejaculates. Front. Vet. Sci. 2022, 9, 908763.
[CrossRef]

Kondracki, S.; Iwanina, M.; Wysokirniska, A.; Huszno, M. Comparative Analysis of Duroc and Pietrain Boar Sperm Morphology.
Acta Vet. Brno 2012, 81, 195-199. [CrossRef]

Yaniz, ]J.L.; Soler, C.; Santolaria, P. Toward an Integrative and Predictive Sperm Quality Analysis in Bos Taurus. Anim. Reprod. Sci.
2017, 181, 108-114. [CrossRef] [PubMed]

Yaniz, J.L,; Silvestre, M.A.; Santolaria, I.; Soler, C. CASA-Mot in Mammals: An Update. Reprod. Fertil. Dev. 2018, 30, 799-809.
[CrossRef]

Morrell, ].M.; Valeanu, A.S.; Lundeheim, N.; Johannisson, A. Sperm Quality in Frozen Beef and Dairy Bull Semen. Acta Vet. Scand.
2018, 60, 41. [CrossRef] [PubMed]

Amann, R.; Waberski, D. Computer-Assisted Sperm Analysis (CASA): Capabilities and Potential Developments. Theriogenology
2014, 81, 5-17.€3. [CrossRef] [PubMed]

O’Meara, C.; Henrotte, E.; Kupisiewicz, K.; Latour, C.; Broekhuijse, M.; Camus, A.; Gavin-Plagne, L.; Sellem, E. The Effect of
Adjusting Settings within a Computer-Assisted Sperm Analysis (CASA) System on Bovine Sperm Motility and Morphology
Results. Anim. Reprod. 2022, 19, €20210077. [CrossRef] [PubMed]

Ibanescu, I.; Leiding, C.; Ciornei, $.G.; RoSca, P; Sfartz, I.; Drugociu, D. Differences in CASA Output According to the Chamber
Type When Analyzing Frozen-Thawed Bull Sperm. Anim. Reprod. Sci. 2016, 166, 72-79. [CrossRef] [PubMed]

Viquez, L.; Barquero, V.; Valverde, A. Condiciones Optimas de Analisis Cinético En Semen Fresco de Toros Brahman. Agron.
Mesoam. 2021, 32, 920-938. [CrossRef]

Beran, J.; Stadnik, L.; Bezdiek, J.; Louda, F; Citek, J.; Duchacek, J. Effect of Sire and Extender on Sperm Motility and Share of
Live or Dead Sperm in Bulls’ Fresh Ejaculate and in Al Doses after Thawing. Arch. Anim. Breed. 2012, 55, 207-218. [CrossRef]
Hyakutake, T.; Mori, K.; Sato, K. Effects of Surrounding Fluid on Motility of Hyperactivated Bovine Sperm. J. Biomech. 2018, 71,
183-189. [CrossRef]

Valverde, A.; Madrigal, M.; Caldeira, C.; Bompart, D.; de Murga, ].N.; Arnau, S.; Soler, C. Effect of Frame Rate Capture Frequency
on Sperm Kinematic Parameters and Subpopulation Structure Definition in Boars, Analysed with a CASA-Mot System. Reprod.
Domest. Anim. 2019, 54, 167-175. [CrossRef] [PubMed]

Biiytikleblebici, S.; Tuncer, P.B.; Bucak, M.N.; Eken, A.; Sariézkan, S.; Tasdemir, U.; Endirlik, B.U. Cryopreservation of Bull Sperm:
Effects of Extender Supplemented with Different Cryoprotectants and Antioxidants on Sperm Motility, Antioxidant Capacity and
Fertility Results. Anim. Reprod. Sci. 2014, 150, 77-83. [CrossRef] [PubMed]

Valverde, A.; Arenan, H.; Sancho, M.; Contell, J.; Yaniz, J.; Fernandez, A.; Soler, C. Morphometry and Subpopulation Structure of
Holstein Bull Spermatozoa: Variations in Ejaculates and Cryopreservation Straws. Asian |. Androl. 2016, 18, 851-857. [CrossRef]
[PubMed]

Wysokiriska, A.; Wojcik, E.; Chiopik, A. Evaluation of the Morphometry of Sperm from the Epididymides of Dogs Using Different
Staining Methods. Animals 2021, 11, 227. [CrossRef] [PubMed]

Barquero, V.; Roldan, E.R.S.; Soler, C.; Yaniz, J.L.; Camacho, M.; Valverde, A. Predictive Capacity of Boar Sperm Morphometry
and Morphometric Sub-Populations on Reproductive Success after Artificial Insemination. Animals 2021, 11, 920. [CrossRef]
[PubMed]

Kondracki, S.; Wysokiriska, A.; Kania, M.; Gorski, K. Application of Two Staining Methods for Sperm Morphometric Evaluation
in Domestic Pigs. |. Vet. Res. 2017, 61, 345-349. [CrossRef] [PubMed]

Yaniz, J.; Capistros, S.; Vicente-Fiel, S.; Hidalgo, C.; Santolaria, P. A Comparative Study of the Morphometry of Sperm Head
Components in Cattle, Sheep, and Pigs with a Computer-Assisted Fluorescence Method. Asian |. Androl. 2016, 18, 840-843.
[CrossRef]

Banaszewska, D.; Czubaszek, M.; Walczak-Jedrzejowska, R.; Andraszek, K. Morphometric Dimensions of the Stallion Sperm
Head Depending on the Staining Method Used. Bull. Vet. Inst. Pulawy 2015, 59, 263-270. [CrossRef]

Czubaszek, M.; Andraszek, K.; Banaszewska, D.; Walczak-Jedrzejowska, R. The Effect of the Staining Technique on Morphological
and Morphometric Parameters of Boar Sperm. PLoS ONE 2019, 14, €0214243. [CrossRef]

Gizejewski, Z. Effect of Season on Characteristics of Red Deer/Cervus elaphus L./Semen Collected Using Modified Artificial
Vagina. Reprod. Biol. 2004, 4, 51-66.



Animals 2024, 14, 132 13 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Abadjieva, D.; Chervenkov, M.; Stefanov, R.; Metodiev, N.; Kistanova, E.; Kacheva, D.; Raycheva, E. Effect of Breeding Season on
the Kinematic Parameters and Morphology of Ram” Sperm from Synthetic Population Bulgarian Milk Sheep Breed. Bulg. J. Agric.
Sci. 2014, 20, 967-972.

Swelum, A.A.A.; Saadeldin, I.M.; Ba-Awadh, H.; Alowaimer, A.N. Shortened Daily Photoperiod during the Non-Breeding
Season Can Improve the Reproductive Performance of Camel Bulls (Camelus dromedarius). Anim. Reprod. Sci. 2018, 195, 334-344.
[CrossRef] [PubMed]

Al-Bulushi, S.; Manjunatha, B.M.; de Graaf, S5.P; Rickard, ].P. Reproductive Seasonality of Male Dromedary Camels. Anim. Reprod.
Sci. 2019, 202, 10-20. [CrossRef] [PubMed]

Quezada-Casasola, A.; Martinez-Armendariz, K.E.; Carrera-Chavez, ] M.; Pérez-Eguia, E.; Rodriguez-Alarcon, C.A.; Avendario-
Reyes, L. Effect of Season on Scrotal Circumference, Semen Characteristics and Testosterone Serum Concentration in Mexican
Corriente and Other Beef Breed Bulls. Anim. Reprod. 2016, 13, 787-794. [CrossRef]

Gumulka, M.L.; Rozenboim, I. Breeding Period-Associated Changes in Semen Quality, Concentrations of LH, PRL, Gonadal
Steroid and Thyroid Hormones in Domestic Goose Ganders (Anser anser f. domesticus). Anim. Reprod. Sci. 2015, 154, 166-175.
[CrossRef] [PubMed]

Liipold, S.; Birkhead, T.R.; Westneat, D.F. Seasonal Variation in Ejaculate Traits of Male Red-Winged Blackbirds (Agelaius
phoeniceus). Behav. Ecol. Sociobiol. 2012, 66, 1607-1617. [CrossRef]

Ellis, RW.; Rupp, G.P; Chenoweth, PJ.; Cundiff, L.V.; Lunstra, D.D. Fertility of Yearling Beef Bulls during Mating. Theriogenology
2005, 64, 657-678. [CrossRef] [PubMed]

Fordyce, G.; Entwistle, K.; Norman, S.; Perry, V.; Gardiner, B.; Fordyce, P. Standardising Bull Breeding Soundness Evaluations and
Reporting in Australia. Theriogenology 2006, 66, 1140-1148. [CrossRef]

Boyd, G.; Conrad, L. Serving Capacity of Yearling Beef Bulls’. Theriogenology 1988, 29, 779-790. [CrossRef]

Kennedy, S.P; Spitzer, ].C.; Hopkins, EM.; Higdon, H.L.; Bridges, W.C. Breeding Soundness Evaluations of 3648 Yearling Beef
Bulls Using the 1993 Society for Theriogenology Guidelines. Theriogenology 2002, 58, 947-961. [CrossRef]

Barth, A.D.; Arteaga, A.A.; Brito, L.E.C.; Palmer, C.W. Use of Internal Artificial Vaginas for Breeding Soundness Evaluation in
Range Bulls: An Alternative for Electroejaculation Allowing Observation of Sex Drive and Mating Ability. Anim. Reprod. Sci.
2004, 84, 315-325. [CrossRef] [PubMed]

Rego, ].P.A.; Moura, A.A.; Nouwens, A.S.; McGowan, M.R.; Boe-Hansen, G.B. Seminal Plasma Protein Profiles of Ejaculates
Obtained by Internal Artificial Vagina and Electroejaculation in Brahman Bulls. Anim. Reprod. Sci. 2015, 160, 126-137. [CrossRef]
[PubMed]

Toledano-Diaz, A.; Castafio, C.; Velazquez, R.; Béveda, P; Lopez-Sebastidn, A.; Martinez-Nevado, E.; Villaverde-Morcillo, S.;
Esteso, M.C.; Santiago-Moreno, J. Cryopreservation of Ferret (Mustela putorius furo) Sperm Collected by Rectal Massage and
Electroejaculation: Comparison of a Decelerating and an Accelerating Freezing Rate Protocol. Vet. Med. Sci. 2021, 7, 256-263.
[CrossRef] [PubMed]

Soler, C.; Garcia-Molina, A.; Contell, ].; Silvestre, M.A.; Sancho, M. The Trumorph®® System: The New Univ the Morphology of
Living Sperm. Anim. Reprod. Sci. 2015, 158, 1-10. [CrossRef] [PubMed]

Hancock, A.S.; Younis, PJ.; Beggs, D.S.; Mansell, P.D.; Stevenson, M.A.; Pyman, M.F. An Assessment of Dairy Herd Bulls in
Southern Australia: 1. Management Practices and Bull Breeding Soundness Evaluations. ]. Dairy Sci. 2016, 99, 9983-9997.
[CrossRef] [PubMed]

Perry, V.E.A. The Role of Sperm Morphology Standards in the Laboratory Assessment of Bull Fertility in Australia. Front. Vet. Sci.
2021, 8, 672058. [CrossRef] [PubMed]

Snider, A.P; McCarthy, K.L.; Wright-Johnson, E.C.; Ondrak, ].D.; Oliver, W.T.; Dahlen, C.R.; Cushman, R.A.; Crouse, M.S. Yearling
Bulls Have Reduced Sperm Concentration and Increased Seminal Plasma Interleukin-8 after a 28-Day Breeding Season. Reprod.
Domest. Anim. 2022, 57, 1465-1473. [CrossRef] [PubMed]

Maree, L.; Van Der Horst, G. Quantification and Identification of Sperm Subpopulations Using Computer-Aided Sperm Analysis
and Species-Specific Cut-off Values for Swimming Speed. Biotech. Histochem. 2013, 88, 181-193. [CrossRef]

van der Horst, G. Computer Aided Sperm Analysis (CASA) in Domestic Animals: Current Status, Three D Tracking and Flagellar
Analysis. Anim. Reprod. Sci. 2020, 220, 106350. [CrossRef]

Lavanya, M.; Archana, S.S.; Swathi, D.; Ramya, L.; Arangasamy, A.; Binsila, B.; Dhali, A.; Krishnaswamy, N.; Singh, S.K; Kumar,
H.; et al. Sperm Preparedness and Adaptation to Osmotic and PH Stressors Relate to Functional Competence of Sperm in Bos
Taurus. Sci. Rep. 2021, 11, 22563. [CrossRef]

Ebel, F.; Vallejos, A.; Gajardo, G.; Ulloa, O.; Clavel, E.; Rodriguez-Gil, ].E.; Ramirez-Reveco, A. Semen Quality and Freezability
Analysis during Breeding and Non-Breeding Seasons in Heavy Draft Stallions in Southern Chile. Andrologia 2020, 52, €13797.
[CrossRef] [PubMed]

Ibanescu, I.; Siuda, M.; Bollwein, H. Motile Sperm Subpopulations in Bull Semen Using Different Clustering Approaches—
Associations with Flow Cytometric Sperm Characteristics and Fertility. Anim. Reprod. Sci. 2020, 215, 106329. [CrossRef]
[PubMed]

Viquez, L.; Barquero, V.; Soler, C.; Roldan, E.R.S; Valverde, A. Kinematic Sub-Populations in Bull Spermatozoa: A Comparison of
Classical and Bayesian Approaches. Biology 2020, 9, 138. [CrossRef] [PubMed]



Animals 2024, 14, 132 14 of 14

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Barquero, V.; Roldan, E.R.S,; Soler, C.; Vargas-Leiton, B.; Sevilla, F.; Camacho, M.; Valverde, A. Relationship between Fertility
Traits and Kinematics in Clusters of Boar Ejaculates. Biology 2021, 10, 595. [CrossRef] [PubMed]

Palacin-Martinez, C.; Alvarez, M.; Montes-Garrido, R.; Neila-Montero, M.; Anel-Lopez, L.; de Paz, P.; Anel, L.; Riesco, M.E.
Frequency of Semen Collection Affects Ram Sperm Cryoresistance. Animals 2022, 12, 1492. [CrossRef] [PubMed]

Erofeeva, M.N.; Alekseeva, G.S.; Sorokin, P.A.; Naidenko, S.V. Effect of the Number of Mating Partners and Sperm Quality on
Reproductive Success in the Domestic Cat (Felis catus). Biol. Bull. 2018, 45, 756-765. [CrossRef]

Gomez, L.; Varea, M.; Tourmente, M.; Martin-Coello, J.; Luque-Larena, J.J.; Gomendio, M.; Roldan, E.R.S. Sperm Competition
Differentially Affects Swimming Velocity and Size of Spermatozoa from Closely Related Muroid Rodents: Head First. Reproduction
2011, 142, 819-830. [CrossRef]

Kondracki, S.; Banaszewska, D.; Wysokiriska, A.; Iwanina, M. The Effect of Sperm Concentration in the Ejaculate on Morphological
Traits of Bull Spermatozoa. Folia Biol. 2012, 60, 85-91. [CrossRef]

Elgeti, J.; Kaupp, U.B.; Gompper, G. Hydrodynamics of Sperm Cells near Surfaces. Biophys. ]. 2010, 99, 1018-1026. [CrossRef]
Nassir, M.; Levi, M.; Dardikman-Yoffe, G.; Mirsky, S.K.; Shaked, N.T. Prediction of Sperm Progression in Three Dimensions Using
Rapid Optical Imaging and Dynamic Mechanical Modeling. Cells 2022, 11, 1319. [CrossRef]

Ramoén, M,; Soler, A.J.; Ortiz, ].A.; Garcia-Alvarez, O.; Maroto-Morales, A.; Roldan, E.R.S.; Garde, ].]. Sperm Population Structure
and Male Fertility: An Intraspecific Study of Sperm Design and Velocity in Red Deer. Biol. Reprod. 2013, 89, 1-7. [CrossRef]
Bremer, J.; Morrell, ].M.; Kommisrud, E. Novel Interpretation of Sperm Stress Test and Morphology for Maturity Assessment of
Young Norwegian Red Bulls. Anim. Reprod. Sci. 2023, 253, 107261. [CrossRef] [PubMed]

Cucho, H.; Puelles, O.; Meza, A.; Urquizo, D.; Coila, L.; Valverde, A. Morphometric Characterization and Classification of Vicufia
Sperm (Vicugna vicugna) Using ISAS® CASA-Morph System. Spermova 2021, 11, 115-123. [CrossRef]

Cucho, H.; Nina, G.; Meza, A.; Ccalta, R.; Ordénez, C.; Valverde, A. Subpoblaciones Morfométricas de Espermatozoides
Epididimarios Del Venado de Cola Blanca (Odocoileus Virginianus Peruvianus). Agron. Mesoam. 2022, 33, 46938. [CrossRef]
Shahani, S.K.; Revell, S.G.; Argo, C.G.; Murray, R.D. Mid-piece Length of Spermatozoa in Different Cattle Breeds and its
Relationship to Fertility. Pak. ]. Biol. Sci. 2010, 13, 802-808. [CrossRef] [PubMed]

Anderson, M.].; Nyholt, J.; Dixson, A.F. Sperm Competition and the Evolution of Sperm Midpiece Volume in Mammals. J. Zool.
2005, 267, 135-142. [CrossRef]

Turner, R.M. Tales from the Tail: What Do We Really Know about Sperm Motility? J. Androl. 2003, 24, 790-803. [CrossRef]
[PubMed]

Rowe, M.; Laskemoen, T; Johnsen, A.; Lifjeld, J.T. Evolution of Sperm Structure and Energetics in Passerine Birds. Proc. R. Soc. B
Biol. Sci. 2013, 280, 20122616. [CrossRef]

Gomendio, M.; Roldan, E.R.S. Implications of Diversity in Sperm Size and Function for Sperm Competition and Fertility. Int. J.
Dev. Biol. 2008, 52, 439-447. [CrossRef]

Firman, R.C.; Simmons, L.W. Sperm Midpiece Length Predicts Sperm Swimming Velocity in House Mice. Biol. Lett. 2010, 6,
513-516. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



