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ABSTRACT - The objective of this study was to evaluate how male age, semen extender,
cooling (equilibration) time and freezing method influence the quality of Brahman
bulls’ sperm after cryopreservation, as measured by Computer-Assisted Sperm Analysis
(CASA) parameters. Six Brahman bulls, with an average age of 48.6+11.5 months,
were used. Two ejaculates were collected for each animal on different days, with
an interval of approximately one week between collections. Semen was diluted with
three extenders: Andromed®, BioXcell®, and OptiXcell®. The samples were equilibrated
for either four or six hours and frozen using either static/manual or controlled
programmable methods, resulting in 12 treatments for bovine semen cryopreservation.
Results showed significant differences (P<0.05) in sperm motility and kinematics based
on the extender used. Bull age had a significant effect (P<0.05) on the percentage of
fast and medium sperm. Cooling time did not affect motility variables (P>0.05). No
differences were found in total motility rate between freezing methods, but significant
differences (P<0.05) were noted in sperm kinematic variables. Freezing of Brahman
semen was more effective when samples were extended with OptiXcell®, cooled for 4 h,
and frozen using an automatic method.

Keywords: Bos indicus, livestock, reproduction, semen, spermatozoon, Zebu cattle

1. Introduction

Semen dilution and cooling influence sperm motility (De Ambrogi et al., 2006), the maintenance of
plasma membrane integrity (Wysokinska et al., 2015), and resistance to hypothermic stress associated
with the instability of phase transitions in sperm membrane lipids (Parks and Lynch, 1992; Drobnis
et al,, 1993). Plasma membrane permeability has been associated with cation outgassing, reduced
enzyme activity, and altered membrane proteins, all of which impact the ability of sperm to adapt to
their environment (De Leeuw et al., 1990; Davis et al., 1995; Waterhouse et al.,, 2006; Schmid et al., 2013).
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Animal breeding plays a pivotal role in enhancing livestock production and adaptability to various
challenges, including climate change and disease (Godde et al., 2021; Wanjala et al., 2024). Genetics,
alongside health and nutrition, constitutes a cornerstone for the development of the livestock sector
(Brito et al,, 2020; Prache et al,, 2022). In Latin America, genetic improvement of the Brahman breed
is critical for increasing meat production and optimizing farming practices, thereby contributing to
sustainable and efficient livestock development (Marquez-Godoy et al.,, 2024; Scholtz et al,, 2011).
In addition to genetic improvement programs, assisted reproduction techniques can improve the
reproductive parameters of this breed in tropical areas, where beef cattle production management
systems are generally extensive or semi-intensive (Baruselli et al., 2023; Mikkola et al., 2024; Rubio
Lozano et al,, 2021; van Arendonk, 2011).

Semen analysis is fundamental for livestock reproductive management (Valverde et al., 2020; Zuidema
et al., 2021). This process evaluates sperm motility, morphology, DNA fragmentation, and swimming
patterns (Valverde and Madrigal-Valverde, 2018). Advanced semen analysis systems are indispensable
for predicting male fertility, facilitating the application of natural mating (Araya-Zuiiiga et al., 2024)
and assisted reproductive techniques, such as artificial insemination (AI) (Sundararaman et al,, 2012;
Zuidema et al,, 2021). Livestock production has been significantly enhanced by the more efficient use
of genetically superior bulls for Al without the need for natural mating (Mueller and Van Eenennaam,
2022; Singh et al,, 2022). When combined with cryopreservation techniques, Al becomes an effective
method for preserving and disseminating high-quality genetic material over extended periods (Rosete
Fernandez et al., 2021; Bosch et al., 2020). The primary goal of semen freezing is to maintain sperm
viability and functionality at temperatures below 0 °C (Ozimic et al.,, 2023) over extended periods.
Despite its effectiveness, cryopreservation can damage cellular structures through ice crystal
formation and cellular dehydration (Grotter et al,, 2019; Tamburrino et al., 2023; Woods et al., 2004).
These cryopreservation-induced damages can compromise sperm viability, reducing fertility and
productivity (Peris-Frau et al.,, 2020; Yeste, 2016).

The study of cryopreservation in Brahman is particularly justified due to the breed’s importance in
tropical regions, where it serves as a cornerstone of beef production systems (Cooke et al.,, 2020).
Despite its widespread use, the current state of research reveals significant gaps in understanding the
breed’s specific responses to semen freezing protocols. The variability in results from previous studies
can be attributed to genetic differences among individuals, environmental factors, and the use of varying
cryopreservation techniques (Jaiswal and Vagga, 2022). While some studies suggest that Brahman
sperm exhibits enhanced resistance to cryogenic damage, others indicate heightened susceptibility,
highlighting the need for standardized and optimized protocols (Rubio-Guillén et al., 2007; Shannon
and Vishwanath, 1995). Addressing these inconsistencies is essential to improving the post-thaw
quality of Brahman semen, ensuring better fertility outcomes, and enhancing the efficiency of assisted
reproductive technologies in this economically significant breed. Considering the factors involved in the
freezing process, this study evaluates how male age, semen extender, cooling (equilibration) time, and
freezing method influence the quality of Brahman bulls’ sperm after cryopreservation, as measured
by Computer-Assisted sperm Analysis (CASA) parameters.

2. Material and methods

2.1. Ethical approval

The study followed the laws and regulations for conducting experiments with live animals in Costa
Rica. Throughout the study, animals were handled with care to avoid unnecessary stress. This study
was further carried out following ethical principles and with the approval of the Committee of the
Research and Development Center for Sustainable Agriculture in the Humid Tropics of the Costa
Rican Institute of Technology (CIDASTH-ITCR), under protocol numbers Section 08/2023, article 5.0,
DAGSC-075-2023, and CIE-206-2023, and was conducted in accordance with the Three Rs principle.
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2.2. Experiment description and location

The study was conducted in collaboration with the Agricultural Production Program of the Agronomy
School at the Costa Rica Institute of Technology, San Carlos Campus. The Beef Cattle Unit operates the
La Vega Farm in La Vega de Florencia, San Carlos (CRTMO05 X: 442863.442 Y: 1152494.364), located at
an altitude of 70 MASL. The study period spanned from December 2023 to March 2024.

2.3. Animals

Brahman bulls used in this study were previously selected based on the following criteria: total sperm
motility greater than 50%, morphological sperm abnormalities below 30%, and a minimum scrotal
circumference of 32 cm at two years of age. Six bulls out of 10 were deemed suitable, with an average
age of 48.6+x11.5 months, and were divided into two age groups: three bulls aged 24-48 months and
three bulls older than 48 months. At least two ejaculates were collected for each animal on different
days, with an interval of approximately one week between collections.

2.4. Ejaculate collection

Males were handled using a hydraulic chute (Priefert®, model S04). Before ejaculate collection by
electrostimulation procedure, rectal feces were evacuated, and a 1-2-minute transrectal massage to
stimulate the accessory glands (vesicular glands and ampullae of the deferent ducts) and prostate was
performed, enhancing sexual response and relaxing the anal sphincter. A 75 mm diameter transrectal
probe (Pulsator V, Lane Manufacturing, Denver, CO, USA) was used with a preprogrammed cycle,
applying increasingly intense stimuli until ejaculation. Each bull underwent up to two cycles of 36
electrical stimuli, starting with six at 1-2 V, nine at 3-5V, twelve at 6 V, and nine at 7 V, each lasting 3.5
seconds, concurrent with rectal massage. Semen was collected directly from the penis using a sterile
collection bag. Three types of commercially available semen extenders (Andromed®, Bioxcell®, and
Optixcell®) with distinct compositions and manufacturers were used in this study. After collection,
three aliquots of semen:extender were prepared in a 1:1 ratio (vol:vol) in Eppendorf® tubes which
were prewarmed at 37 °C to avoid temperature shock.

2.5. Semen dilution

In the laboratory, semen samples were further diluted at a 1:20 ratio, achieving an average concentration
of 17.5-27.5 (x10%/mL) in 15 mL Eppendorf® tubes. Both the semen and diluent were maintained at
37 °C. Semen samples were analyzed both fresh and after refrigeration for 4 and 6 hours (Table S1 and
Table S2). The samples were cooled at room temperature (21 °C) for 10 minutes before being stored in a
refrigerator at 5 °C for 4-6 hours to complete the cooling process. For this stage, all diluents were used,
and each ejaculate was divided into three fractions. Each fraction, corresponding to a specific extender,
was divided into two additional fractions according to equilibration time (Figure 1). For each treatment
fraction, seven straws were used in the freezing process. A total of 1008 straws were prepared.

2.6. Freezing and thawing process

Following each cooling time, semen samples were packaged into 0.5 mL straws (Minitube), using a
suction pump (IMV, LAigle, France), and sealed with sealing powder (IMV, LAigle, France). Immediately
after packaging, 50% of the straws (n = 504) were subjected to cryopreservation using a controlled
programmable freezer (IMV Digitcool, IMV, LAigle, France), following the protocol: cooling at -5 °C/min
from +4 °C to -10 °C; then at -100 °C/min from -10 °C to -100 °C; and finally at =20 °C/min from
-100 °C to —140 °C. The remaining straws (n = 504) were frozen using a static method. They were placed
horizontally on racks positioned 4 cm above the liquid nitrogen surface in a polystyrene container
for 15 min, after which they were directly immersed in liquid nitrogen and stored in a 20 L liquid
nitrogen tank for one month prior to thawing.

R. Bras. Zootec., 55:e20250151, 2026
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Extender (n=3) Cooling time (n=2) Freezing method (n=2)

a) Manual b) Automatic
Treatments

Figure 1 - Description of total treatments used. Created by BioRender.com.

Three semen cryopreserved straws for each treatment were randomly chosen. A total of 432 frozen
semen straws were thawed. Straws were thawed in a water bath at 37 °C for 30 seconds (Solis et al.,
2024). The contents of three straws of the same bull, collection, extender type, cooling time, and
freezing method were dispensed in a 1.5 mL tube and kept at 37 °C while analyses were performed.
Following thawing, sperm kinematic and motility parameters were evaluated on a heating plate
maintained at 37 °C £ 0.5 °C.

2.7. Sperm kinematics and motility assessment

Each sample was run in duplicate by placing 3 pL of homogenized semen in a 20 um Spermtrack®
counting chamber. Semen analysis was performed using the CASA-Mot ISAS®v1 system (Proiser R + D,
Valencia, Spain), which included a Proiser 782 M video camera operating at 40 frames per second with
a resolution of 768 x 576 pixels. The camera was attached to a UB203 microscope equipped with a
1x ocular and a 10x phase contrast objective (AN 0.25), and an integrated heated stage maintained
at 37.0 £ 0.5 °C. The analysis employed the default bovine settings provided by the manufacturer. For
each counting chamber, seven fields from CASA systems were captured, totaling at least 600 cells.
The analyzed motility and kinematic variables included total motility (TM, %), progressive motility
(PM, %), spermatozoa with movement categorized as fast (>45 pm-s™), medium (25 < x < 45 pum-s™?),
slow (10 <y < 25 pm-s?), linearity (LIN, %), straightness (STR, %), wobble (wave-like movement; WOB,
%), straight line velocity (VSL, pm-s™!), curvilinear velocity (VCL, um-s™), average path velocity (VAP,
um-s™1), amplitude of lateral head displacement (ALH, pum), and beat cross frequency (BCF, Hz).

2.8. Statistical analysis

The assumptions of normality and homoscedasticity were tested using the Shapiro-Wilk and Levene
tests, respectively, and normal probability plots were used to evaluate the distribution of all analyzed
sperm variables. Analysis of variance (ANOVA) and generalized linear models were used to determine
the effects of age, extender,; cooling/equilibration time and freezing method, as well as their interaction
effects on sperm quality variables.
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The statistical model was:

Y .= A+E] (A)]_ +Ag +P(AgEj), +Ex_+C +F + (Ag*EX)p + (Ag*C)q + (Ag*F), + (Ex*C), + (Ex*F), +
(C*F), +e

ijk...v

in which Y is the variable; A, = i-th random effect of animal; Ej(A)j = j-th random effect of ejaculate
nested within animal; Ag, = k-th age effect; P(AgEj), = I-th straw effect nested within ejaculate nested
within animal; Ex _= m-th extender effect; C = n-th cooling-time effect; F_= o-th freezing-method effect;
Ag*Ex = n-th age x extender interaction effect; Ag*C_= g-th age x cooling-time interaction effect;
Ag*F = r-th age x freezing-method interaction effect; Ex*C_= s-th extender x cooling-time interaction
effect; Ex*F, = t-th extender x freezing-method interaction effect; C*F = u-th cooling-time x freezing-
method interaction effect; e = experimental error. Residual (co)variances were modeled to account
for the repeated-measures structure, and the model with the lowest BIC and AIC values was selected
as the best fit.

Differences between means for the effects of age, extender, cooling/equilibration time and freezing
method were analyzed using the Bonferroni test (P<0.05). Results were expressed as mean # standard
error of the mean. Data were analyzed using the IBM SPSS package, version 23.0 for Windows (SPSS
Inc., Chicago, IL, US).

3. Results

No significant differences on total or progressive motility between the two age groups were found
(Table 1). However, post-thaw velocities parameters exhibited significant age-dependent differences
(Table 1; P<0.05). Specifically, semen from bulls older than 48 months demonstrated significantly
greater values for rapid and medium motility, alongside lower values for slow motility, when compared
with semen from bulls 24-48 months old. Regarding the cooling process, no differences (P>0.05) were
observed in total and progressive motility between the two cooling time conditions (Table 1).

The effect of age on spermatozoa kinetic variables are reported in Table 2. Bulls aged 24-48 months
exhibited significantly greater values for VCL, ALH, and BCF compared to bulls older than 48 months.
Conversely, bulls older than 48 months had greater values for LIN, STR, and WOB (P<0.05). Regarding
the impact of cooling time on sperm kinetic parameters, an increase in LIN (P<0.05) was observed at
4 hours of cooling compared to 6 h cooling.

There was an effect of extender on fresh semen prior to freezing on the motility variables (P<0.05).
OptiXcell® presented the highest values of TM in the initial analysis (83.19+0.89%), followed by
BioXcell® (63.01+0.93%) and finally Andromed® presented the lowest values for TM (25.97+1.25%).
There was an impact of extender type on TM, PM, and fast-, medium-, and slow-speed spermatozoa
post-thaw (P<0.05; Table 3). OptiXcell® extender had the greatest value for TM, PM, and slow
speed spermatozoa (P<0.05), whereas BioXcell® extender had the greatest value for medium speed
spermatozoa (P<0.05). Additionally, Andromed® had the lowest values for PM, and medium speed
spermatozoa (P<0.05).

Table 1 - Sperm quality variables (percentage means * standard error of the mean) post-thaw according to cooling
time and age in Brahman bull semen

Variable (%) Cooling time (h) Age (months)

4 6 24-48 >48
Total motility 24.39+1.14 26.58+1.19 25.22+1.27 25.68+1.02
Progressive motility 13.35+0.94 15.66+0.99 14.39+£1.05 14.52+0.85
Fast spermatozoa* 5.60+1.33 8.17+1.39 2.85+1.48y 11.19+1.19x
Medium speed spermatozoa* 5.98+0.45 5.99+0.47 5.16+0.50y 6.88+0.40x
Slow speed spermatozoa* 11.94+1.25 11.80+1.30 16.26+1.12x 7.05£1.35y

* Spermatozoa with movement categorized as fast (>45 pm-s™), medium (25 < x < 45 pm-s™), slow (10 <y < 25 pm-s™).
Different letters (x-y) within the same row indicate statistical differences among bull age groups (P<0.05).
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Table 2 - Kinematic variables (means * standard error of the mean) post-thaw according to cooling time and age
in Brahman bull semen

Cooling time (h) Age (months)
Variable
4 6 24-48 >48

VCL (pm-s™) 76.22+1.16 78.10£1.05 80.15+0.43x 73.98+1.56y
VSL (pm-s™) 32.55+0.70 32.50+0.63 32.22+0.26 32.85+0.94
VAP (pm-s™) 39.33+£0.67 40.49+0.60 40.53+0.24 39.29+0.90
LIN (%) 42.35+0.55a 40.73+0.50b 39.71£0.20y 43.460.74x
STR (%) 74.34+0.66 72.82+0.59 72.33£0.24y 74.87+0.88x
WOB (%) 52.74+0.41 52.59+0.37 51.50£0.15y 53.94£0.55x
ALH (pm) 3.14+0.04 3.17+0.04 3.29+0.02x 3.02+0.06y
BCF (Hz) 7.32+0.11 7.35+0.10 7.56+0.04x 7.09+0.15y

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 (a-b) within the same row indicate statistical differences among cooling times (P<0.05), whereas different letters (x-y) within the
same row indicate statistical differences among bull age groups (P<0.05).

Table 3 - Sperm quality variables (percentage means * standard error of the mean) post-thaw according to the
extender used for cryopreservation of Brahman bull semen

Extender
Variable
Andromed® BioXcell® OptiXcell®

Total motility 18.92+1.98b 23.97+1.66b 31.61+0.62a
Progressive motility 6.86+1.64c 15.42+1.37b 19.30+0.52a
Fast spermatozoa* 3.89+2.30c 7.67£1.90b 8.28+0.72a
Medium speed spermatozoa* 4.51+0.77b 6.99+0.65a 6.20+0.24ab
Slow speed spermatozoa* 10.04+2.16b 8.33£1.81b 16.36+0.67a

* Spermatozoa with movement categorized as fast (>45 pm-s™), medium (25 < x < 45 pm-s™), slow (10 <y < 25 pm-s™).
Different letters (a-c) within the same row indicate statistical differences among extenders (P<0.05).

The effect of extender type on sperm kinematic variables was analyzed and reported in Table 4. The
OptiXcell® extender exhibited significantly greater values for VCL, VSL, VAP, ALH, and BCF. In contrast,
the BioXcell® extender had greater values for LIN, STR, and WOB. However, the Andromed® extender
produced the lowest values for VSL, VAP, LIN, STR, WOB, and BCF.

Table 4 - Kinematic sperm variables (means * standard error of the mean) post-thaw according to the extender
used for cryopreservation of Brahman bull semen

Extender

Variable

Andromed® BioXcell® OptiXcell®
VCL (pm-s™) 83.03+1.04b 79.53+0.26¢ 118.60+0.18a
VSL (um-s™) 30.35+0.60c 44.91+0.15b 50.90+0.10a
VAP (pm-s™) 41.11+0.58c 48.70+0.15b 64.52+0.10a
LIN (%) 37.28+0.40c 55.72+0.10a 43.57+0.07b
STR (%) 69.31+0.46¢ 87.45+0.12a 75.63+0.08b
WOB (%) 51.1940.28c 61.61+0.07a 55.84+0.09b
ALH (um) 3.48+0.04b 2.87£0.01c 4.15+0.01a
BCF (Hz) 7.70+0.09¢ 9.77+0.02b 10.18+0.02a

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 (a-c) within the same row indicate statistical differences among extenders (P<0.05).

R. Bras. Zootec., 55:€20250151, 2026
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No differences (P>0.05) were observed in total motility (26.07+0.12%; 24.58+1.21%) and progressive
motility (14.26+0.93%; 14.70+1.01%) across the evaluated freezing procedures (manual and automatic,
respectively). However, as illustrated in Table 5, the effect of freezing methods on sperm kinematic
variables revealed that the automatic method yielded greater values for VCL, VSL, VAP, LIN, STR, WOB,
ALH, and BCF (P<0.05) when compared with the manual method.

There was no interaction effect between age, extender type, freezing method, and cooling time on total
and progressive motility (P>0.05). However, there was an interaction (P<0.05) between extender type,
cooling time, and freezing method for VCL (Figure 2), VSL (Figure 3), VAP (Figure 4), LIN (Figure 5),

Table 5 - Sperm kinematic variables (means * standard error of the mean) post-thaw for different freezing
methods of Brahman bull semen

Freezing method

Variable
Automatic Manual

VCL (um-s™) 83.71+0.88a 71.23+1.26b
VSL (pm-s™) 36.58+0.53a 28.81+0.76b
VAP (um-s™) 44.47+0.50a 35.78+0.72b
LIN (%) 42.66+0.42a 40.45+0.60b
STR (%) 74.66+0.50a 72.52+0.71b
WOB (%) 53.66+0.31a 51.76+0.45b
ALH (um) 3.29+0.03a 3.04+0.05b
BCF (Hz) 7.82+0.08a 6.89+0.12b

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 (a-b) within the same row indicate statistical differences among freezing methods (P<0.05).
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Figure 2 - Interaction effect between cryopreservation extender, freezing methods, and cooling time on curvilinear
velocity (VCL, pm-s!) in thawed Brahman bull semen, using a confidence interval (CI) of 95%.
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and BCF (Figure 6). The greatest VCL value was observed for the Andromed® extender at 6 h of cooling
when frozen using the automatic technique (P<0.05) while the lowest VCL value was observed for the
BioXcell® extender at 6 h of cooling when using the manual technique (P<0.05); additionally, at 4 h
of cooling, both automatic and manual techniques showed similar values (P>0.05). Greater kinematic
values were observed with the Andromed® extender, the automatic freezing method, and a 6-hour
cooling time (P<0.05). The lowest values were recorded with OptiXcell®, a 4-hour cooling time, and the
manual method (Figure 2).

The interaction effect between extender type, freezing method, and equilibration time on the VSL
variable was assessed (P<0.05). The greatest values for VSL were observed for the OptiXcell® extender
at 6 h of cooling when using the automatic freezing method (P<0.05). The lowest VSL values were
observed with the Andromed® extender at 4 h of cooling when using the manual freezing method
(P<0.05; Figure 3).

Significantly greater VAP values (P<0.05) were reported when the OptiXcell® extender was used in
conjunction with the automatic freezing method for both cooling times. By contrast, BioXcell® and
Andromed® extenders produced significantly lower (P<0.05) VAP, especially when associated with the
manual freezing method at both cooling times (Figure 4).

Among the extenders, BioXcell® consistently resulted in the greatest LIN values, while Andromed®
exhibited the lowest (P<0.05). The observed variability in LIN values depended on the extender
and the cooling time, and it was found that the Andromed® diluent exhibited greater variability. The
interaction of BioXcell®, 4 h of cooling, and the automatic method yielded the highest LIN values
(P<0.05; Figure 5).
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Figure 3 - Interaction effect between cryopreservation extender, freezing methods, and equilibration time on
straight line velocity (VSL, um-s™!) in thawed Brahman bull semen using a confidence interval (CI) of
95%.
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Figure 4 - Interaction effect between cryopreservation extender, freezing methods, and equilibration time on
average path velocity (VAP, pm-s™) in thawed Brahman bull semen using a confidence interval (CI) of
95%.
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Among the extenders evaluated, using the automatic processing method, similar values were observed
at 4 h of cooling time. However, at 6 h, the BCF values with the BioXcell® extender were lower (P<0.05).
When the manual method was analyzed, at 4 h of cooling, the highest BCF values were observed with
the OptiXcell® extender, and the lowest values were observed with Andromed® (P<0.05). At 6 h of
cooling times, using the manual method, the highest values were observed with Andromed®, whereas
the lowest were observed with BioXcell®. When cooling time was evaluated at 4 h, the BCF values for
the Andromed®, BioXcell®, and OptiXcell® diluents were similar. At 6 h, no differences in BCF values
were found between the automatic and manual methods for the Andromed®, and these values were
similar to those observed using the automatic method with OptiXcell® (Figure 6).
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Figure 6 - Interaction effect between cryopreservation extender, freezing methods, and equilibration time on
beat cross frequency (BCF Hz) in thawed Brahman bull semen using a confidence interval (CI) of 95%.

4. Discussion

Many factors could influence the efficiency of the freezing process of spermatozoa. Most freezing
protocols implement an equilibration period of 4 h or 6 h, but increasing the equilibration time did
not improve motility patterns (Murphy et al, 2018a). Some authors have observed that increasing
the equilibration period up to 72 h can improve sperm motility but does not affect field fertility
(Fleisch et al,, 2017). The results of the present study demonstrated that semen cooling time did not
significantly affect total and progressive motility. Consistent with these findings, previous studies have
also reported no significant differences in post-thaw motility between cooling times ranging from 4-9
hours (Herold et al,, 2004; Murphy et al,, 2018a). In other works in bulls, rams, and dogs, it has been
observed that a 6-h cooling period resulted in greater sperm motility and progressive movement after
thawing compared to shorter cooling times (1 h, 2 h, 3 h, 4 h) and 8 h of cooling, regardless of the
freezing technique used (Belala et al., 2016; Dias et al., 2018; Murphy et al., 2018a; Vozaf et al., 2021).
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Other studies in bulls and Buffalo have suggested that the improvement in post-thaw motility with
extended equilibration periods may be linked to alterations in the sperm membrane, which facilitate
adaptation to low temperatures and increase cryotolerance (Arunkumar et al., 2022; Inyawilert et al.,
2024). With respect to the effect of equilibration period on kinematic variables, greater linearity was
observed at 4 h. There was an interaction between extender, cooling time, and freezing method for
LIN. The increase in LIN at 4 h is likely due to a reduction in values for BioXcell® at 6 h, whereas the
other treatments appeared similar. During cooling, sperm cells undergo membrane and axonemal
alterations, which impair their ability to move in a straight line, reducing key kinematic parameters,
such as linearity and straightness, and ultimately leading to sperm death during freezing and thawing
(Rasul et al,, 2001). No significant interaction effect of extender x cooling time x freezing method was
observed for STR, WOB, and ALH kinematic variables between the two cooling times, which agrees
with several previous studies (Mehdipour et al., 2016; Rasul et al., 2001).

The effect of age on motility revealed that bulls older than 48 months exhibited a higher percentage
of spermatozoa with fast and medium movement compared to younger bulls, which showed a greater
proportion of slow spermatozoa. This finding is consistent with previous studies that reported improved
motility after thawing in adult bulls (Brito et al., 2002; Murphy et al,, 2018b). Some researchers suggest
that these age-related differences may be linked to physiological changes associated with sexual
maturity, such as the development of the testes and accessory glands (Bhasin et al., 2022; Maji¢ Bali¢ et al,,
2012; Vince et al., 2018). Progressive motility typically indicates proper spermatogenesis and sperm
maturation during epididymal transit (Tanga et al., 2021). In males, as individuals age, the testicular
parenchyma undergoes changes associated with the aging process, affecting both the interstitial space
and the germinal compartment, and leading to dysfunctions in testicular spermiogenesis and sperm
maturation (Teves and Roldan, 2022). These factors may help explain the observed effects on sperm
motility and morphology (Elbashir et al.,, 2021; Kiihnert and Nieschlag, 2004). In addition, as bulls
age, the percentage of sperm morphological anomalies increases, a trend that has also been reported
in humans (Kleshchev et al., 2023; Ulubay et al., 2022). Variations in cryopreserved semen may arise
due to an individual bull’s ability to tolerate freezing and thawing, which can impact both internal
and external cellular membranes, primarily through membrane lipoperoxidation (Khan et al., 2021;
Kowalczyk et al., 2020; Sharafi et al., 2022; Upreti et al., 1998). The integrity of the plasma membrane
is likely a key determinant of sperm motility in stallions (Akbarinejad et al,, 2020) and bulls (Reis et al,
2016). Bulls older than 48 months demonstrated greater values for LIN, STR, and WOB in frozen
semen, compared to younger bulls, which exhibited greater wave-like movement and more circular
motion. These findings are consistent with those reported in fresh Brahman semen (Araya-Zuiiiga et al.,
2023). Additionally, the observed reduction in linearity and oscillation suggests sperm hyperactivation
(Kathiravan et al., 2011) may also indicate premature capacitation/hyperactivation. This phenomenon
may reflect the immaturity of sperm from younger bulls (Carreira et al., 2017).

Several commercial diluents are used to freeze bovine spermatozoa to avoid cryodamage with varying
results (Ugur et al, 2019). The analysis of post-thaw sperm motility revealed significantly greater
total motility, progressive motility, and the percentage of fast-moving sperm in semen diluted with
OptiXcell® compared to Andromed® and BioXcell®. The difference in semen diluted with OptiXcell
prior to freezing was substantial; on the order of 50-200% higher; which could be attributable to
the pre-freeze effects of this extender. Consistent with these findings, previous studies have reported
increased total and progressive motility when using OptiXcell® (Fleisch et al., 2017; Kumar et al.,, 2015).
Furthermore, superior post-thaw sperm motility with OptiXcell® in comparison to both Andromed® and
BioXcell® has been observed (Singh et al., 2018). The BioXcell® extender, made with soybean lecithin,
produces low sperm quality in 80% of cryopreserved semen batches (Crespilho et al., 2012). This
could be explained by the limited efficacy of soy lecithin as a primary source of lipoproteins, which are
critical for sperm protection during cryopreservation, further underscores its limitations. In contrast,
other studies have reported that the potential fertility of ejaculates may be reduced when stored
short-term with AndroMed® (Fernandez-Novo et al,, 2021).

The post-thaw kinematic analysis showed superior velocity values in semen cryopreserved with
OptiXcell®, aligning with other studies that also reported better results compared to egg yolk and
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soybean lecithin extenders (Kang et al., 2019; Robayo et al., 2008). The higher value of LIN for BioXcell
islargely due to increased LIN at 4 h, under automated freezing conditions, as well as higher straightness
index and oscillation values, indicating improved progressive motility (Araya-Zufiiga et al., 2023). This
suggests that a greater STR reflects a more uniform sperm trajectory with reduced amplitude, while
greater linearity indicates a smaller amplitude of curvilinear movement aligned with a straight path
(Leite et al., 2010). Other works have suggested that the values of curvilinear velocity and lateral head
displacement amplitude observed with Bioxcell® could be due to the extender’s chemical composition,
which may increase viscosity and induce curvilinear movement, like that in cervical mucus and
suggests that improved preservation of flagellar integrity or enhanced ATP production, which supports
increased crossing frequency (Celeghini et al., 2008). Moreover, BioXcell® also demonstrated the highest
WOB values compared to Andromed® and OptiXcell®. The greater STR values in cattle correlated with
lower lateral head displacement amplitude, indicating linear sperm trajectories (Pichardo-Matamoros
et al.,, 2023; Viquez et al., 2020). Such movement, constrained by the oviduct walls, favors progressive
and rectilinear motion, as the oviduct’s striated structure limits circular movement (Hyakutake et al.,
2019). The Andromed® extender exhibited the lowest values for velocity and progressive motility, a
finding consistent with other studies that reported poor semen quality post-thaw in buffalo when using
Andromed®, compared to egg yolk extenders (Herold et al,, 2004). Similarly, the lower values were
observed for average velocity, straight line velocity, crossing frequency, linearity, and oscillation in bulls
when Andromed® was used (Fernandez-Novo et al., 2021). Comparable results were also reported in
ram semen (Khalifa et al,, 2013), in buffalo (Singh et al., 2018), and bulls (Fleisch et al,, 2017). None
of these studies, however, provided a definitive explanation for the reduced semen quality associated
with Andromed®. Fernandez-Novo et al. (2021) suggested that the observed effects might be due to
differences in the extender’s composition. Since the precise composition of the extender is not disclosed
by manufacturers, the interpretation of these results remains challenging.

Bovine sperm freezing is usually carried out with either static or programmable freezers (Vishwanath
and Shannon, 2000). In our study, although total and progressive motility were not different between
freezing methods, there was an increase in all post-thaw sperm kinematic parameters when semen was
frozen with an automated programmable system compared to the static method. These findings are
consistent with previous research reporting similar semen quality outcomes when comparing manual/
static freezing and programmable automatic freezing techniques (Kabir et al., 2022). Furthermore,
previous studies have demonstrated that static semen freezing, achieved by positioning straws 4-5 cm
above liquid nitrogen for 10-15 min, produces favorable results in cattle and rams (Jha et al., 2019).
Static freezing, achieved by reducing temperature in a manual cooling chamber using nitrogen vapor,
is a more cost-effective and efficient method for buffalo semen cryopreservation (Kabir et al., 2022),
but precise control is essential for high-quality post-thaw semen (Abud et al., 2014). The same study
highlights that variation in factors such as polystyrene box size, liquid nitrogen levels, and lab conditions
can negatively affect post-thawing semen quality. Similarly, in sheep, manual freezing yielded results
comparable to those obtained with automatic programmable freezing, underlining its applicability in
field settings where lower costs are a priority (Vozaf etal.,, 2021). Conversely, other works have reported
no significant differences in motility between conventional and automated freezing techniques for
bovine semen (Ribeiro-Peres et al., 2014). Automated programmable systems, however, offer strict
control over cooling and freezing rates, reducing the impact of ambient temperature fluctuations
(Jaiswal and Vagga, 2022; Khan et al., 2021; Liu and Li, 2020). Programmable cryopreservation units
are ideal for large-scale semen freezing, though their high cost may limit accessibility (Purdy, 2006;
Zhang et al,, 2024). In our study, results showed that the automatic freezing method produced superior
post-thaw sperm velocity variables, linearity index, and wobble (WOB) compared to the static method.
Similarly, post-thaw sperm kinematics in semen frozen using a programmable unit were superior
to those of semen frozen in a polystyrene box (Silva and Guerra, 2011). Also, a significant increase
in swimming patterns such as average velocity, straight-line velocity, and curvilinear velocity was
observed when using the automatic freezing protocol (Shah et al., 2016).
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5. Conclusions

In our study, semen cryopreservation was significantly influenced by male age. The extender effect
was found on post-thaw sperm motility and kinetics variables. A 4-hour cooling period was positively
correlated with improved sperm linearity. The automatic freezing method positively influenced
kinematic values but did not significantly affect total or progressive motility compared to the manual
method. Freezing Brahman semen was more effective when semen was extended with OptiXcell®,
cooled for 4 h, and frozen with an automatic method. Given the commercial importance of the Brahman
breed, these findings should be used in future studies to highlight their relevance and applicability in
research with Zebu cattle.

Supplementary material

The supplementary material of this article can be found online at: https://www.rbz.org.br/wp-content/
uploads/articles_xml/1806-9290-rbz-55-e20250151/1806-9290-rbz-55-e20250151-suppl01.pdf

Data availability

The raw data supporting the conclusions of this article are available in the TECdatos Repository, Costa
Rica Institute of Technology. Data identification number: https://doi.org/10.18845/RDA/CISVOG

Author contributions

Conceptualization: Silvestre, M. A. and Valverde, A. Data curation: Murillo, L.; Sevilla, F,; Araya-Zuniga, I.
and Valverde, A. Formal analysis: Valverde, A. Funding acquisition: Silvestre, M. A. and Valverde, A.
Investigation: Murillo, L.; Sevilla, F,; Araya-Zuiiiga, 1. and Valverde, A. Methodology: Murillo, L.; Sevilla, E;
Araya-Zuiiiga, I. and Valverde, A. Project administration: Silvestre, M. A. and Valverde, A. Resources:
Valverde, A. Software: Murillo, L.; Sevilla, F; Araya-Zuiiiga, I. and Valverde, A. Supervision: Silvestre,
M. A. and Valverde, A. Validation: Murillo, L.; Sevilla, F,; Araya-Zuiiiga, I. and Valverde, A. Visualization:
Silvestre, M. A. and Valverde, A. Writing - original draft: Murillo, L.; Sevilla, F,; Araya-Zuaiiiga, I. and
Valverde, A. Writing - review & editing: Murillo, L.; Sevilla, F,; Araya-Zuiiiga, I.; Rodriguez, J.; Molina-
Montero, R.; Silvestre, M. A. and Valverde, A.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

The authors thank the Costa Rica Institute of Technology (ITCR) for financing this study. This work
was supported by the Costa Rica Institute of Technology [Vice-Chancellor’s office of Research and
Extension; VIE (Vicerrectoria de Investigacion y Extension; Project VIE-2151083)] and Postgraduate
Office of ITCR. The funders had no role in the study’s design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Financial support

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). This work was part of
the research project VIE-2151083, “Optimizacién de la conservacion y bliisqueda de parametros de
la fertilidad en espermatozoides de animales de interés productivo”). The APC was funded by Costa
Rica Institute of Technology (Vice-Chancellor’s office of Research and Extension; VIE (Vicerrectoria de
Investigacion y Extension).

R. Bras. Zootec., 55:e20250151, 2026


https://www.rbz.org.br/wp-content/uploads/articles_xml/1806-9290-rbz-55-e20250151/1806-9290-rbz-55-e20250151-suppl01.pdf

https://www.rbz.org.br/wp-content/uploads/articles_xml/1806-9290-rbz-55-e20250151/1806-9290-rbz-55-e20250151-suppl01.pdf


14

The effect of male age, extender, cooling time and freezing method on post-thaw Brahman cattle sperm motility
Murillo et al.

References

Abud, C. 0. G,; Abud, L. J; Oliveira Neto, J. C;; Dode, M. A. N.; Sereno, J. R. B. and Martins, C. F. 2014. Comparagdo entre
os sistemas automatizado e convencional de criopreservacdo de sémen bovino. Ciéncia Animal Brasileira 15:32-37.
https://doi.org/10.5216/cab.v15i1.12233

Akbarinejad, V,; Fathi, R.; Shahverdi, A,; Esmaeili, V.; Rezagholizadeh, A. and Ghaleno, L. R. 2020. The relationship of
mitochondrial membrane potential, reactive oxygen species, adenosine triphosphate content, sperm plasma membrane
integrity, and kinematic properties in warmblood stallions. Journal of Equine Veterinary Science 94:103267. https://doi.
org/10.1016/j.jevs.2020.103267

Araya-Zufiiga, I.; Sevilla, F.; Barquero, V. and Valverde, A. 2023. The effect of extender, age, and bovine sexual status on the
sperm kinematics. Agronomia Mesoamericana 34:52597. https://doi.org/10.15517 /am.2023.52597

Araya-Zuiiiga, I; Sevilla, F; Molina-Montero, R.; Roldan, E. R. S.; Barrientos-Morales, M.; Silvestre, M. A. and Valverde, A.
2024. Kinematic and morphometric assessment of fresh semen, before, during and after mating period in Brahman Bulls.
Animals 14:132. https://doi.org/10.3390/ani14010132

Arunkumar, R,; Kumaresan, A,; Sinha, M. K;; Elango, K.; Ebenezer Samuel King, |. P; Nag, P; Karuthadurai, T; Baithaly, R. K;;
Mohanty, T. K.; Kumar, R. and Datta, T. K. 2022. The cryopreservation process induces alterations in proteins associated
with bull sperm quality: The equilibration process could be a probable critical control point. Frontiers in Endocrinology
13:1064956. https://doi.org/10.3389/fend0.2022.1064956

Baruselli, P. S.; Abreu, L. A,; Paula, V. R.; Carvalho, B.; Gricio, E. A.; Mori, F. K.; Rebeis, L. M.; Albertini, S.; Souza, A. H. and
D’Occhio, M. 2023. Applying assisted reproductive technology and reproductive management to reduce CO,-equivalent
emission in dairy and beef cattle: a review. Animal Reproduction 20:e20230060. https://doi.org/10.1590/1984-3143-
AR2023-0060

Belala, R.; Briand-Amirat, L.; Vinciguerra, L.; Tainturier, D.; Kaidi, R.; Thorin, C.; Michaud, S.; Anton, M. and Bencharif, D.
2016. Effect of equilibration time on the motility and functional integrity of canine spermatozoa frozen in three different
extenders. Research in Veterinary Science 106:66-73. https://doi.org/10.1016/j.rvsc.2016.03.010

Bhasin, S.; Valderrdbano, R. J. and Gagliano-Juca, T. 2022. Age-related changes in the male reproductive system. In:
Feingold, K. R.; Adler, R. A.; Ahmed, S. F. et al,, eds. Endotext. MDText.com, Inc., South Dartmouth, MA.

Bosch, E.; De Vos, M. and Humaidan, P. 2020. The future of cryopreservation in assisted reproductive technologies.
Frontiers in Endocrinology 11:67. https://doi.org/10.3389/fendo.2020.00067

Brito, L. F. C,; Silva, A. E. D. E; Rodrigues, L. H.; Vieira, F. V.; Deragon, L. A. G. and Kastelic, ]. P. 2002. Effects of environmental
factors, age and genotype on sperm production and semen quality in Bos indicus and Bos taurus Al bulls in Brazil.
Animal Reproduction Science 70:181-190. https://doi.org/10.1016/S0378-4320(02)00009-X

Brito, L. F; Oliveira, H. R;; McConn, B. R.; Schinckel, A. P; Arrazola, A.; Marchant-Forde, ]. N. and Johnson, J. S. 2020. Large-
scale phenotyping of livestock welfare in commercial production systems: A new frontier in animal breeding. Frontiers
in Genetics 11:793. https://doi.org/10.3389 /fgene.2020.00793

Carreira, J. T; Trevizan, ]. T; Carvalho, L. R; Kipper, B.; Rodrigues, L. H,; Silva, C.; Perri, S. H. V,; Drevet, J. R. and Koivisto, M. B.
2017. Does sperm quality and DNA integrity differ in cryopreserved semen samples from young, adult, and aged Nellore
bulls? Basic and Clinical Andrology 27:12. https://doi.org/10.1186/512610-017-0056-9

Celeghini, E. C. C; Arruda, R. P; Andrade, A. F. C;; Nascimento, J.; Raphael, C. F. and Rodrigues, P. H. M. 2008. Effects
that bovine sperm cryopreservation using two different extenders has on sperm membranes and chromatin. Animal
Reproduction Science 104:119-131. https://doi.org/10.1016/j.anireprosci.2007.02.001

Cooke, R. F; Daigle, C. L.; Moriel, P,; Smith, S. B.; Tedeschi, L. 0. and Vendramini, J. M. B. 2020. Cattle adapted to tropical and
subtropical environments: social, nutritional, and carcass quality considerations. Journal of Animal Science 98:skaa014.
https://doi.org/10.1093/jas/skaa014

Crespilho, A. M.; Sa Filho, M. F.; Dell’Aqua, J. A.; Nichi, M.; Monteiro, G. A,; Avanzi, B. R.; Martins, A. and Papa, F. 0. 2012.
Comparison of in vitro and in vivo fertilizing potential of bovine semen frozen in egg yolk or new lecithin based extenders.
Livestock Science 149:1-6. https://doi.org/10.1016/j.livsci.2012.05.011

Davis, R. O.; Drobnis, E. Z. and Overstreet, ]. W. 1995. Application of multivariate cluster, discriminate function, and
stepwise regression analyses to variable selection and predictive modelling of sperm cryosurvival. Fertility and Sterility
63:1051-1057. https://doi.org/10.1016/s0015-0282(16)57547-5

De Ambrogi, M.; Ballester, ].; Saravia, E; Caballero, I.; Johannisson, A.; Wallgren, M.; Andersson, M. and Rodriguez-Martinez,
H. 2006. Effect of storage in short- and long-term commercial semen extenders on the motility, plasma membrane and
chromatin integrity of boar spermatozoa. International Journal of Andrology 29:543-552. https://doi.org/10.1111/
j-1365-2605.2006.00694.x

De Leeuw, E. E.; Chen, H. C.; Colenbrander, B. and Verkleij, A. J. 1990. Cold-induced ultrastructural changes in bull and
boar sperm plasma membranes. Cryobiology 27:171-183. https://doi.org/10.1016/0011-2240(90)90009-S

R. Bras. Zootec., 55:e20250151, 2026


https://doi.org/10.1016/j.jevs.2020.103267
https://doi.org/10.1016/j.jevs.2020.103267
https://doi.org/10.1590/1984-3143-AR2023-0060 
https://doi.org/10.1590/1984-3143-AR2023-0060 
https://doi.org/10.1016/S0378-4320(02)00009-X
https://doi.org/10.1016/s0015-0282(16)57547-5 
https://doi.org/10.1111/j.1365-2605.2006.00694.x
https://doi.org/10.1111/j.1365-2605.2006.00694.x
https://doi.org/10.1016/0011-2240(90)90009-S

15

The effect of male age, extender, cooling time and freezing method on post-thaw Brahman cattle sperm motility
Murillo et al.

Dias, E. A. R,; Campanholj, S. P; Rossi, G. F; Freitas Dell’Aqua, C. P; Dell’Aqua, ]. A,; Papa, F. O.; Zorzetto, M. F; Paz, C. C. P;
Oliveira, L. Z.; Mercadante, M. E. Z. and Monteiro, F. M. 2018. Evaluation of cooling and freezing systems of bovine semen.
Animal Reproduction Science 195:102-111. https://doi.org/10.1016/j.anireprosci.2018.05.012

Drobnis, E. Z.; Crowe, L. M.; Berger, T.; Anchordoguy, T. ].; Overstreet, ]. W. and Crowe, ]. H. 1993. Cold shock damage is due
to lipid phase transitions in cell membranes: A demonstration using sperm as a model. Journal of Experimental Zoology
265:432-437. https://doi.org/10.1002/jez.1402650413

Elbashir, S.; Magdi, Y.; Rashed, A,; Henkel, R. and Agarwal, A. 2021. Epididymal contribution to male infertility: An
overlooked problem. Andrologia 53:e13721. https://doi.org/10.1111/and.13721

Fernandez-Novo, A.; Santos-Lopez, S.; Barrajon-Masa, C.; Mozas, P.; Mercado, E.; Caceres, E.; Garrafa, A.; Gonzalez-Martin,
]. V.; Perez-Villalobos, N.; Oliet, A.; Astiz, S. and Perez-Garnelo, S. S. 2021. Effect of extender, storage time and temperature
on kinetic parameters (CASA) on bull semen samples. Biology 10:806. https://doi.org/10.3390/biology10080806

Fleisch, A.; Malama, E.; Witschi, U.; Leiding, C.; Siuda, M.; Janett, F. and Bollwein, H. 2017. Effects of an extension of the
equilibration period up to 96 hours on the characteristics of cryopreserved bull semen. Theriogenology 89:255-262.
https://doi.org/10.1016/j.theriogenology.2016.10.018

Godde, C. M.; Mason-D’Croz, D.; Mayberry, D. E,; Thornton, P. K. and Herrero, M. 2021. Impacts of climate change on
the livestock food supply chain; a review of the evidence. Global Food Security 28:100488. https://doi.org/10.1016/j.
gfs.2020.100488

Grotter, L. G.; Cattaneo, L.; Marini, P. E; Kjelland, M. E. and Ferré, L. B. 2019. Recent advances in bovine sperm
cryopreservation techniques with a focus on sperm post-thaw quality optimization. Reproduction in Domestic Animals
54:655-665. https://doi.org/10.1111/rda.13409

Herold, F. C.; De Haas, K.; Cooper, D.; Colenbrander, B.; Nothling, J. O.; Theunisen, W.; Spillings, B. and Gerber, D. 2004.
Comparison of three different media for freezing of epididymal sperm from the African buffalo (Syncerus caffer) and
influence of equilibration time on the post-thaw sperm quality. The Onderstepoort Journal of Veterinary Research
71:203-210. https://doi.org/10.4102/0jvr.v71i3.261

Hyakutake, T.; Sato, K. and Sugita, K. 2019. Study of bovine sperm motility in shear-thinning viscoelastic fluids. Journal
of Biomechanics 88:130-137. https://doi.org/10.1016/j.jbiomech.2019.03.035

Inyawilert, W,; Liao, Y.-].; Ndi, O. N.; Pradithera, K.; Saengtun, A.; Saengwong, S.; Intawicha, P,; Wuthijaree, K.; Hanthongkul,
V.; Kamdee, K.; Khieokhajonkhet, A.; Amporn, C.; Tiantong, A. and Lumsangkul, C. 2024. The optimal combination of
cooling and equilibration durations, along with the addition of melatonin, gamma-oryzanol, and canthaxanthin, for
improving swamp buffalo semen cryopreservation quality. Veterinary World 17:2950-2956. https://doi.org/10.14202/
vetworld.2024.2950-2956

Jaiswal, A. N. and Vagga, A. 2022. Cryopreservation: A review article. Cureus 14:e31564. https://doi.org/10.7759/
cureus.31564

Jha, P. K.; Shahi Alam, M. G.; Mansur, A. AL; Naher, N,; Islam, T.; Uddin Bhuiyan, M. and Bari, F. Y. 2019. Cryopreservation
of Bangladeshi ram semen using different diluents and manual freezing techniques. Cryobiology 89:35-41. https://doi.
org/10.1016/j.cryobiol.2019.06.001

Kabir, Md. A.; Hossain, S. M. ].; Deb, G. K,; Shejuty, S. F; Das, D. and Noman, A. Al. 2022. Comparison between manual
and automated cryopreservation techniques and effects of different semen extenders on post-thaw semen quality of
buffalo. Preprints. https://doi.org/10.20944 /preprints202211.0520.v1

Kang, S.-S.; Lee, M.-S.; Kim, U.-H.; Lee, S.-D.; Yang, B.-C; Yang, B.-S. and Cho, S.-R. 2019. Effect of Optixcell and Triladyl
extenders on frozen-thawed sperm motilities and calving rates following artificial insemination in Hanwoo. Korean
Journal of Agricultural Science 46:195-204.

Kathiravan, P; Kalatharan, J.; Karthikeya, G.; Rengarajan, K. and Kadirvel, G. 2011. Objective sperm motion analysis
to assess dairy bull fertility using computer-aided system - A review. Reproduction in Domestic Animals 46:165-172.
https://doi.org/10.1111/j.1439-0531.2010.01603.x

Khalifa, T.; Lymberopoulos, A. and Theodosiadou, E. 2013. Association of soybean-based extenders with field fertility
of stored ram (Ovis aries) semen: A randomized double-blind parallel group design. Theriogenology 79:517-527.
https://doi.org/10.1016/j.theriogenology.2012.11.009

Khan, I. M; Cao, Z; Liu, H,; Khan, A,; Rahman, S. U; Khan, M. Z,; Sathanawongs, A. and Zhang, Y. 2021. Impact of
cryopreservation on spermatozoa freeze-thawed traits and relevance OMICS to assess sperm cryo-tolerance in farm
animals. Frontiers in Veterinary Science 8:609180. https://doi.org/10.3389/fvets.2021.609180

Kleshchev, M.; Osadchuk, L. and Osadchuk, A. 2023. Age-related changes in sperm morphology and analysis of multiple
sperm defects. Frontiers in Bioscience - Scholar 15:12. https://doi.org/10.31083/j.fbs1503012

Kowalczyk, A.; Kuczaj, M. and Czerniawska-Pigtkowska, E. 2020. The role of environmental optimization for storing
bulls’ sperm cells. Systems Biology in Reproductive Medicine 66:300-310. https://doi.org/10.1080/19396368.2020.
1795432

Kiihnert, B. and Nieschlag, E. 2004. Reproductive functions of the ageing male. Human Reproduction Update 10:327-339.
https://doi.org/10.1093 /humupd/dmh030

R. Bras. Zootec., 55:e20250151, 2026


https://doi.org/10.1016/j.gfs.2020.100488
https://doi.org/10.1016/j.gfs.2020.100488
https://doi.org/10.14202/vetworld.2024.2950-2956
https://doi.org/10.14202/vetworld.2024.2950-2956
https://doi.org/10.7759/cureus.31564
https://doi.org/10.7759/cureus.31564
https://doi.org/10.1016/j.cryobiol.2019.06.001
https://doi.org/10.1016/j.cryobiol.2019.06.001
https://doi.org/10.1016/j.theriogenology.2012.11.009
https://doi.org/10.1080/19396368.2020.1795432
https://doi.org/10.1080/19396368.2020.1795432

16

The effect of male age, extender, cooling time and freezing method on post-thaw Brahman cattle sperm motility
Murillo et al.

Kumar, P; Saini, M.; Kumar, D.; Balhara, A. K; Yaday, S. P; Singh, P. and Yadav, P. S. 2015. Liposome-based semen extender
is suitable alternative to egg yolk-based extender for cryopreservation of buffalo (Bubalus bubalis) semen. Animal
Reproduction Science 159:38-45. https://doi.org/10.1016/j.anireprosci.2015.05.010

Leite, T. G.; Vale Filho, V. R;; Arruda, R. P,; Andrade, A. F. C.; Emerick, L. L.; Zaffalon, F. G.; Martins, J. A. M. and Andrade, V.
J. 2010. Effects of extender and equilibration time on post-thaw motility and membrane integrity of cryopreserved Gyr
bull semen evaluated by CASA and flow cytometry. Animal Reproduction Science 120:31-38. https://doi.org/10.1016/j.
anireprosci.2010.04.005

Liy, S. and Li, F 2020. Cryopreservation of single-sperm: Where are we today? Reproductive Biology and Endocrinology
18:41. https://doi.org/10.1186/s12958-020-00607-x

Maji¢ Bali¢, I; Milinkovi¢-Tur, S.; Samardzija, M. and Vince, S. 2012. Effect of age and environmental factors on semen
quality, glutathione peroxidase activity and oxidative parameters in Simmental bulls. Theriogenology 78:423-431.
https://doi.org/10.1016/j.theriogenology.2012.02.022

Marquez-Godoy, J. N.; Alvarez-Holguin, A.; Morales-Nieto, C. R.; Corrales-Lerma, R.; Garcia-Galicia, I. A. and Rodriguez-
Almeida, F. A. 2024. Criollo cattle breeds as a potential alternative for sustainable and healthy beef production in
America. Rangeland Ecology & Management 96:83-93. https://doi.org/10.1016/j.rama.2024.05.008

Mehdipour, M.; Daghigh Kia, H.; Najafi, A.; Vaseghi Dodaran, H. and Garcia-Alvarez, 0. 2016. Effect of green tea (Camellia
sinensis) extract and pre-freezing equilibration time on the post-thawing quality of ram semen cryopreserved in a
soybean lecithin-based extender. Cryobiology 73:297-303. https://doi.org/10.1016/j.cryobiol.2016.10.008

Mikkola, M.; Desmet, K. L. ].; Kommisrud, E. and Riegler, M. A. 2024. Recent advancements to increase success in
assisted reproductive technologies in cattle. Animal Reproduction 21:€20240031. https://doi.org/10.1590/1984-3143-
ar2024-0031

Mueller, M. L. and Van Eenennaam, A. L. 2022. Synergistic power of genomic selection, assisted reproductive
technologies, and gene editing to drive genetic improvement of cattle. CABI Agriculture and Bioscience 3:1-29.
https://doi.org/10.1186/s43170-022-00080-z

Murphy, E. M,; Eivers, B.; O'Meara, C. M.; Lonergan, P. and Fair, S. 2018a. Effect of increasing equilibration time of diluted
bull semen up to 72 h prior to freezing on sperm quality parameters and calving rate following artificial insemination.
Theriogenology 108:217-222. https://doi.org/10.1016/j.theriogenology.2017.11.034

Murphy, E. M,; Kelly, A. K;; 0'Meara, C.; Eivers, B.; Lonergan, P. and Fair, S. 2018b. Influence of bull age, ejaculate number,
and season of collection on semen production and sperm motility parameters in Holstein Friesian bulls in a commercial
artificial insemination centre. Journal of Animal Science 96:2408-2418. https://doi.org/10.1093/jas/sky130

Ozimic, S.; Ban-Frangez, H. and Stimpfel, M. 2023. Sperm cryopreservation today: approaches, efficiency, and pitfalls.
Current Issues in Molecular Biology 45:4716-4734. https://doi.org/10.3390/cimb45060300

Parks, |. E. and Lynch, D. V. 1992. Lipid composition and thermotropic phase behavior of boar, bull, stallion, and rooster
sperm membranes. Cryobiology 29:255-266. https://doi.org/10.1016/0011-2240(92)90024-V

Peris-Frau, P; Soler, A. J.; Iniesta-Cuerda, M.; Martin-Maestro, A.; Sanchez-Ajofrin, I.; Medina-Chavez, D. A.; Fernandez-
Santos, M. R.; Garcia-Alvarez, 0.; Maroto-Morales, A.; Montoro, V. and Garde, J.J. 2020. Sperm cryodamage in ruminants:
understanding the molecular changes induced by the cryopreservation process to optimize sperm quality. International
Journal of Molecular Sciences 21:2781. https://doi.org/10.3390/ijms21082781

Pichardo-Matamoros, D.; Sevilla, F; Elizondo-Salazar, ].; Jiménez-Sanchez, C.; Roldan, E. R. S.; Soler, C.; Gacem, S. and
Valverde, A. 2023. Exploration of semen quality analyzed by CASA-mot systems of Brahman bulls infected with BLV and
BHV-1. Scientific Reports 13:18659. https://doi.org/10.1038/s41598-023-45981-9

Prache, S.; Adamiec, C.; Astruc, T,; Baéza-Campone, E.; Bouillot, P. E; Clinquart, A,; Feidt, C.; Fourat, E.; Gautron, ].; Girard, A.;
Guillier, L.; Kesse-Guyot, E.; Lebret, B.; Lefevre, F; Le Perchec, S.; Martin, B.; Mirade, P. S.; Pierre, F; Raulet, M.; Rémond,
D.; Sans, P; Souchan, I.; Donnars, C. and Santé-Lhoutellier, V. 2022. Review: Quality of animal-source foods. Animal
16:100376. https://doi.org/10.1016/j.animal.2021.100376

Purdy, P. H. 2006. A review on goat sperm cryopreservation. Small Ruminant Research 63:215-225. https://doi.
org/10.1016/j.smallrumres.2005.02.015

Rasul, Z.; Ahmad, N. and Anzar, M. 2001. Changes in motion characteristics, plasma membrane integrity, and acrosome
morphology during cryopreservation of buffalo spermatozoa. Journal of Andrology 22:278-283. https://doi.
org/10.1002/j.1939-4640.2001.tb02181.x

Reis, L. S. L. S.; Ramos, A. A,; Camargos, A. S. and Oba, E. 2016. Integrity of the plasma membrane, the acrosomal
membrane, and the mitochondrial membrane potential of sperm in Nelore bulls from puberty to sexual maturity.
Arquivo Brasileiro de Medicina Veterindria e Zootecnia 68:620-628. https://doi.org/10.1590/1678-4162-8748

Ribeiro-Peres, A.; Munita-Barbosa, L.; Yumi-Kanazawa, M.; Mello-Martins, M. I. and Ferreira de Souza, F. 2014.
Criopreservacion de espermatozoides bovinos extraidos de la cola del epididimo utilizando los métodos convencional y
automatizado. Archivos de Medicina Veterinaria 46:31-38. https://doi.org/10.4067/S0301-732X2014000100005

Robayo, I.; Montenegro, V.; Valdés, C. and Cox, J. F. 2008. CASA Assessment of kinematic parameters of ram spermatozoa
and their relationship to migration efficiency in ruminant cervical mucus. Reproduction in Domestic Animals
43:393-399. https://doi.org/10.1111/j.1439-0531.2007.00920.x

R. Bras. Zootec., 55:e20250151, 2026


https://doi.org/10.1016/j.anireprosci.2010.04.005
https://doi.org/10.1016/j.anireprosci.2010.04.005
https://doi.org/10.1590/1984-3143-ar2024-0031
https://doi.org/10.1590/1984-3143-ar2024-0031
https://doi.org/10.1186/s43170-022-00080-z
https://doi.org/10.1016/0011-2240(92)90024-V
https://doi.org/10.1016/j.smallrumres.2005.02.015
https://doi.org/10.1016/j.smallrumres.2005.02.015
https://doi.org/10.1002/j.1939-4640.2001.tb02181.x
https://doi.org/10.1002/j.1939-4640.2001.tb02181.x

17

The effect of male age, extender, cooling time and freezing method on post-thaw Brahman cattle sperm motility
Murillo et al.

Rosete Fernandez, ]. V;; Alvarez Gallardo, H.; Urban Duarte, D.; Fragoso Islas, A,; Asprén Pelayo, M. A,; Rios Utrera, A,;
Pérez Reynozo, S.; De La Torre Sdnchez, . F. 2021. Reproductive biotechnologies in beef cattle: five decades of research in
Mexico. Revista Mexicana de Ciencias Pecuarias 12:39-78. https://doi.org/10.22319/rmcp.v12s3.5918

Rubio Lozano, M. S.; Ngapo, T. M. and Huerta-Leidenz, N. 2021. Tropical beef: Is there an axiomatic basis to define the
concept? Foods 10:1025. https://doi.org/10.3390/foods10051025

Rubio-Guillén, ]. L.; Garde Lopez-Brea, ]. ].; Esteso, M. C.; Fernandez-Santos, M. R.; Gonzalez Villalobos, D. M.; Palomares
Naveda, R.; Velarde, ]J. C.; Madrid-Bury, N.; Soto-Belloso, E. and Quintero-Moreno, A. A. 2007. Head dimensions of
Brahman and their crossbred bull spermatozoa are affected by cryopreservation. Revista Cientifica 17:508-513.

Schmid, S.; Henning, H.; Oldenhof, H.; Wolkers, W. E; Petrunkina, A. M. and Waberski, D. 2013. The specific response to
capacitating stimuli is a sensitive indicator of chilling injury in hypothermically stored boar spermatozoa. Andrology
1:376-386. https://doi.org/10.1111/j.2047-2927.2013.00045.x

Scholtz, M. M.; McManus, C.; Okeyo, A. M. and Theunissen, A. 2011. Opportunities for beef production in developing
countries of the southern hemisphere. Livestock Science 142:195-202. https://doi.org/10.1016/j.1ivsci.2011.07.014

Shah, S. A. H.; Andrabi, S. M. H. and Qureshi, 1. Z. 2016. Effect of equilibration times, freezing, and thawing rates on post-
thaw quality of buffalo (Bubalus bubalis) bull spermatozoa. Andrology 4:972-976. https://doi.org/10.1111/andr.12214

Shannon, P. and Vishwanath, R. 1995. The effect of optimal and suboptimal concentrations of sperm on the fertility
of fresh and frozen bovine semen and a theoretical model to explain the fertility differences. Animal Reproduction
Science 39:1-10. https://doi.org/10.1016/0378-4320(95)01376-B

Sharafi, M.; Borghei-Rad, S. M.; Hezavehei, M.; Shahverdi, A. and Benson, J. D. 2022. Cryopreservation of semen in
domestic animals: A review of current challenges, applications, and prospective strategies. Animals 12:3271. https://doi.
org/10.3390/ani12233271

Silva, S. V. and Guerra, M. M. P. 2011. Efeitos da criopreservacdo sobre as células espermaticas e alternativas para redugio
das crioinjurias. Revista Brasileira de Reprodugio Animal 35:370-384.

Singh, A. K;; Kumar, A.; Honparkhe, M.; Kaur, S.; Kaur, H.; Ghuman, S. P. S. and Brar, P. S. 2018. Comparison of in vitro and
in vivo fertilizing potential of buffalo bull semen frozen in egg yolk-, soya bean lecithin- and liposome-based extenders.
Reproduction in Domestic Animals 53:195-202. https://doi.org/10.1111/rda.13092

Singh, B.; Singh, K. P,; Hoque, M. and Mondal, S. 2022. Biotechnology in livestock reproduction. p.371-413. In: Emerging
issues in climate smart livestock production: biological tools and techniques. Academic Press. https://doi.org/10.1016/
B978-0-12-822265-2.00013-2

Solis, ]. M,; Sevilla, F; Silvestre, M. A.; Araya-Zuiiiga, [.; Roldan, E. R. S.; Saborio-Montero, A. and Valverde, A. 2024. Effect
of thawing procedure and thermo-resistance test on sperm motility and kinematics patterns in two bovine breeds.
Animals 14:2768. https://doi.org/10.3390/ani14192768

Sundararaman, M. N.; Kalatharan, J.; Thilak, K. and Jawahar, P. 2012. Computer assisted semen analysis for quantification
of motion characteristics of bull sperm during cryopreservation cycle. Veterinary World 5:723-726. https://doi.
org/10.5455 /vetworld.2012.723-726

Tamburrino, L.; Traini, G.; Marcellini, A.; Vignozzi, L.; Baldi, E. and Marchiani, S. 2023. Cryopreservation of human
spermatozoa: Functional, molecular and clinical aspects. International Journal of Molecular Sciences 24:4656.
https://doi.org/10.3390/ijms24054656

Tanga, M. B,; Qamar, A. Y,; Raza, S.; Bang, S.; Fang, X,; Yoon, K. and Cho, J. 2021. Semen evaluation: methodological
advancements in sperm quality-specific fertility assessment — A review. Animal Bioscience 34:1253-1270. https://doi.
org/10.5713/ab.21.0072

Teves, M. E. and Roldan, E. R. S. 2022. Sperm bauplan and function and underlying processes of sperm formation and
selection. Physiological Reviews 102:7-60. https://doi.org/10.1152 /physrev.00009.2020

Ugur, M. R; Saber Abdelrahman, A,; Evans, H. C.; Gilmore, A. A,; Hitit, M.; Arifiantini, R. I.; Purwantara, B.; Kaya, A.
and Memili, E. 2019. Advances in cryopreservation of bull sperm. Frontiers in Veterinary Science 6:268. https://doi.
org/10.3389/fvets.2019.00268

Ulubay, M.; Ulu, M. B. and Akdeniz, E. 2022. The effect of aging on semen parameters in normozoospermic men: A cross-
sectional study. International Journal of Reproductive Biomedicine 20:955. https://doi.org/10.18502 /ijrm.v20i11.12363

Upreti, G. C; Jensen, K.; Munday, R.; Duganzich, D. M.; Vishwanath, R. and Smith, ]. . 1998. Studies on aromatic amino
acid oxidase activity in ram spermatozoa: role of pyruvate as an antioxidant. Animal Reproduction Science 51:275-287.
https://doi.org/10.1016/S0378-4320(98)00082-7

Valverde, A.; Barquero, V. and Soler, C. 2020. The application of computer-assisted semen analysis (CASA) technology
to optimise semen evaluation. A review. Journal of Animal and Feed Sciences 29:189-198. https://doi.org/10.22358/
jafs/127691/2020

Valverde, A. and Madrigal-Valverde, M. 2018. Computer-assisted semen analysis systems in animal reproduction.
Agronomia Mesoamericana 29:469-484.

R. Bras. Zootec., 55:e20250151, 2026


https://doi.org/10.1016/0378-4320(95)01376-B
https://doi.org/10.3390/ani12233271
https://doi.org/10.3390/ani12233271
https://doi.org/10.1016/B978-0-12-822265-2.00013-2
https://doi.org/10.1016/B978-0-12-822265-2.00013-2
https://doi.org/10.5455/vetworld.2012.723-726
https://doi.org/10.5455/vetworld.2012.723-726
https://doi.org/10.3390/ijms24054656
https://doi.org/10.5713/ab.21.0072
https://doi.org/10.5713/ab.21.0072
https://doi.org/10.3389/fvets.2019.00268
https://doi.org/10.3389/fvets.2019.00268
https://doi.org/10.1016/S0378-4320(98)00082-7
https://doi.org/10.22358/jafs/127691/2020
https://doi.org/10.22358/jafs/127691/2020

18

The effect of male age, extender, cooling time and freezing method on post-thaw Brahman cattle sperm motility
Murillo et al.

van Arendonk, J. A. M. 2011. The role of reproductive technologies in breeding schemes for livestock populations in
developing countries. Livestock Science 136:29-37. https://doi.org/10.1016/j.1ivsci.2010.09.004

Vince, S.; Zura Zaja, [; Samardzija, M.; Maji¢ Bali¢, I; Vili¢, M.; Durici¢, D.; Valpoti¢, H.; Markovi¢, E and Milinkovi¢-Tur, S.
2018. Age-related differences of semen quality, seminal plasma, and spermatozoa antioxidative and oxidative
stress variables in bulls during cold and warm periods of the year. Animal 12:559-568. https://doi.org/10.1017/
$1751731117001811

Viquez, L.; Barquero, V,; Soler, C.; Roldan, E. R. S. and Valverde, A. 2020. Kinematic sub-populations in bull spermatozoa:
a comparison of classical and Bayesian approaches. Biology 9:138. https://doi.org/10.3390/biology9060138

Vishwanath, R. and Shannon, P. 2000. Storage of bovine semen in liquid and frozen state. Animal Reproduction Science
62:23-53. https://doi.org/10.1016/S0378-4320(00)00153-6

Vozaf, J.; Makarevich, A. V,; Balazi, A.; Vasicek, ].; Svoradova, A.; Olexikova, L. and Chrenek, P. 2021. Cryopreservation
of ram semen: Manual versus programmable freezing and different lengths of equilibration. Animal Science Journal
92:e13670. https://doi.org/10.1111/asj.13670

Wanjala, G.; Pius, L. O.; Strausz, P. and Kusza, S. 2024. Leveraging Agri-advocacy to promote animal genetic diversity for
climate change mitigation: Kenya and Tanzania perspective. Heliyon 10:e40851. https://doi.org/10.1016/j.heliyon.2024.
e40851

Waterhouse, K. E.; Hofmo, P. O.; Tverdal, A. and Miller, R. R. 2006. Within and between breed differences in freezing
tolerance and plasma membrane fatty acid composition of boar sperm. Reproduction 131:887-894. https://doi.
org/10.1530/rep.1.01049

Woods, E. ].; Benson, J. D.; Agca, Y. and Critser, J. K. 2004. Fundamental cryobiology of reproductive cells and tissues.
Cryobiology 48:146-156. https://doi.org/10.1016/j.cryobiol.2004.03.002

Wysokinska, A.; Kondracki, S. and Iwanina, M. 2015. The usefulness of selected physicochemical indices, cell membrane
integrity and sperm chromatin structure in assessments of boar semen sensitivity. Asian-Australasian Journal of
Animal Sciences 28:1713-1720. https://doi.org/10.5713/ajas.15.0095

Yeste, M. 2016. Sperm cryopreservation update: Cryodamage, markers, and factors affecting the sperm freezability in
pigs. Theriogenology 85:47-64. https://doi.org/10.1016/j.theriogenology.2015.09.047

Zhang, L.; Wang, X,; Jiang, C.; Sohail, T; Sun, Y,; Sun, X.; Wang, . and Li, Y. 2024. Effects of different diluents and freezing
methods on cryopreservation of hu ram semen. Veterinary Sciences 11:251. https://doi.org/10.3390/vetsci11060251

Zuidema, D.; Kerns, K. and Sutovsky, P. 2021. An exploration of current and perspective semen analysis and sperm
selection for livestock artificial insemination. Animals 11:3563. https://doi.org/10.3390/ani11123563

R. Bras. Zootec., 55:e20250151, 2026


https://doi.org/10.1017/S1751731117001811
https://doi.org/10.1017/S1751731117001811
https://doi.org/10.1016/S0378-4320(00)00153-6
https://doi.org/10.1016/j.heliyon.2024.e40851
https://doi.org/10.1016/j.heliyon.2024.e40851
https://doi.org/10.1530/rep.1.01049
https://doi.org/10.1530/rep.1.01049
https://doi.org/10.5713/ajas.15.0095

