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ARTICLE INFO ABSTRACT

Keywords: Semen cryopreservation in bovine livestock is well established, but logistics often require de-
Bull viations from standard protocols. Extending the equilibration time to the following day is
OPTIXcell

convenient in many situations. To improve our knowledge of the effects of this modification, we
studied the post-thawing and post-incubation (4 h, 38 °C) sperm quality after freezing with 4 or
24-h extension in the OPTIXcell extender by using an ample panel of analyses: CASA for motility;
flow cytometry for viability, physiology, oxidative stress, and chromatin parameters (DNA frag-
mentation, chromatin compaction, and thiol groups status); and spectrometry for malondialde-
hyde production. Semen was obtained from 12 Holstein bulls. The 24-h equilibration time showed
few significant effects, with only a tiny decrease in progressive motility and a positive impact on
chromatin structure. The incubation removed some of these effects, with the pattern for chro-
matin compaction remaining the same. No detrimental oxidative stress or increase in apoptotic or
capacitation markers was detected. Additionally, the individual bull interacted with the effects of
the incubation and the equilibration, especially regarding the chromatin status. Whereas this
interaction did not critically affect sperm quality, it could be relevant in practice. Bull fertility as
non-return rates (NRR56) was associated with some sperm parameters (especially with an
improved chromatin structure) but not in the 4-h post-thawing analysis. Our study supports that
extending the equilibration time by at least 24-h is feasible for bull semen freezing with the
OPTIXcell extender.
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1. Introduction

The application of artificial insemination (AI) has increased in cattle breeding, becoming fundamental in the dairy industry
(DeJarnette et al., 2004). Cryopreservation aims to indefinitely maintain the viability and functionality of spermatozoa at freezing
temperatures. However, freezing and thawing deteriorate sperm quality (Woods et al., 2004). To protect cells from cryoinjury, a
significant step in freezing protocols is the addition of cryoprotectants, notable glycerol in most mammals (Sieme et al., 2016). One of
the essential steps in the process of semen cryopreservation is the equilibration phase, which typically begins after extending and
cooling the semen sample. The spermatozoa are generally left for several hours, enabling permeable cryoprotectants and other
osmotically active components to equilibrate with the intracellular compartment and membranes to adapt to the new environment
(Bailey et al., 2000).

The equilibration period is essential for bull sperm cryopreservation (Leite et al., 2010). However, there is no agreement on what
equilibration period is best for obtaining high-quality semen after thawing (Fleisch et al., 2017; Leite et al., 2010). The extension of the
equilibration time —from four to eighteen, twenty-four, and seventy-two hours— improved post-thawing bull semen quality while not
affecting field fertility (Fleisch et al., 2017; Foote and Kaprotht, 2002). Similarly, some studies on buffalo offer positive results for
extending the equilibration period but with some conflicting results (Shahverdi et al., 2014). For instance, Herold et al. (2006) did not
find an effect of modifying the equilibration time between 2 and 9 h for buffalo semen. In contrast, Shah et al. (2016) showed that a 4-h
equilibration yielded better post-thawing quality than 2-h or 6-h. A study with ram semen (Paul et al., 2020) showed that extending the
equilibration time improved post-thawing sperm quality, possibly by reducing the membrane cholesterol efflux.

Extending the equilibration period while preserving post-thawing sperm quality is interesting for commercial Al centers. This
strategy could help with the aim of optimizing the production of semen doses. Centers processing high numbers of ejaculates find it
challenging to handle all semen collected within the same working day. In these conditions, it would be more practical to prepare the
sperm doses and freeze them the following morning (Fleisch et al., 2017; Foote and Kaprotht, 2002; Muino et al., 2007; Shahverdi
etal., 2014). A longer equilibration time is practical when semen collection is spatially separated from the freezing facility (Foote and
Kaprotht, 2002).

The extender could be relevant while modifying the cryopreservation protocols. Most studies approaching prolonged equilibration
periods were carried out using egg yolk or milk-based extenders (Almeida et al., 2017; Foote and Kaprotht, 2002; Shah et al., 2016).
Some studies considered the interaction of the extender and the equilibration time in Gyr cattle, Bos indicus (Leite et al., 2010), buffalo,
Bubalus bubalis (Shahverdi et al., 2014), and commercial cattle, Bos taurus (Fleisch et al., 2017). Leite et al. (2010) and Shahverdi et al.
(2014) used an egg yolk-based Tris extender and the BioXcell extender (free of animal components), but only for up to 4 h of
equilibration time. Interestingly, the egg yolk-based extender was considered superior for Gyr cattle, with a significant interaction
extender x equilibration time. Still, it was the opposite for buffalo (with better results for BioXcell and no interaction). Fleisch et al.
(2017) included egg yolk-based Triladyl and Tris and animal components-free Andromed and OPTIXcell and tested for up to 72 h for
equilibration time. No relevant interactions were found, and the effects of extending the equilibration time were positive (assessing
sperm motility, acrosomal status, mitochondrial potential, and DNA fragmentation). Moreover, a field fertility trial with the Tris
extender found no differences between 4 and 72 h.

In this study, we aimed to investigate the effects of using an equilibration time of 4 or 24 h in dairy cattle (Frisian-Holstein) using
the egg yolk-free commercial OPTIXcell extender. Since most studies considered a limited number of sperm quality parameters, our
design pursued a complete characterization using CASA (computer-assisted sperm analysis), flow cytometry, and mainly including the
study of the chromatin structure, a critical aspect for sperm fertility (Narud et al., 2021).

2. Materials and methods
2.1. Experimental design

Semen from 12 Holstein bulls (three ejaculates per bull) was extended with OPTIXcell and equilibrated for 4 or 24 h after cooling.
After each equilibration time, semen was packaged in 0.25 ml French straws and cryopreserved. Samples were tested after thawing and
four hours of incubation at 38 °C. Immediately after thawing and 4 h at 38 °C, motility was assessed by CASA, and sperm physiology
and chromatin structure were estimated using flow cytometry. Oxidative stress parameters were evaluated by flow cytometry and
spectrometry (malondialdehyde formation).

2.2. Reagents and media

General reagents, and when not stated, were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The freezing
extender OPTIXcell was obtained from IMV (L'Aigle, France). Consumables and solutions for flow cytometry were purchased from
Beckman Coulter (Brea, CA, USA) and Thermo Fisher (Waltham, MA, USA). Fluorescent probes for flow cytometry were purchased
from Sigma-Aldrich or Thermo Fisher and are described in the corresponding section.

2.3. Animals, semen collection, and field fertility estimation

Semen was obtained by artificial vagina (45 °C) from trained animals subjected to a routine collection for semen freezing and Al
Twelve adult Holstein bulls (1-2 years old) housed in half-open barns in natural environment were used in this study. The collection
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and cryopreservation were carried out by trained personnel from Xenética Fontao (Lugo, Spain; certified as an Al center following
Spanish and European regulations: Reales Decretos 2256,/1994, 2129/2008, 841/2011), and the researchers involved in the experi-
ments did not contact with any animals.

Xenética Fontao provided information on the animals and non-return rates at day 56 post-Al (NRR). The NRR data was obtained
from the farms’ records after AI with cryopreserved doses (4-h equilibration time protocol).

2.4. Initial semen assessment and cryopreservation

Ejaculates were analyzed after collection for minimum quality requirements (>1000 x10°% ml~!, >85% motility, >80% normal
morphology). The motility of the fresh samples was assessed by diluting the samples with PBS (20 x10° cells/ml) and loading a 20-um
Leja chamber (IMV). The samples were assessed at 37 °C at x 10 (negative contrast) for total and progressive motility in an IVOS II
computer-assisted sperm analysis (CASA) system (IMV). For viability, the samples were stained in PBS (10 cells/ml) with the LIVE/
DEAD Sperm Viability kit (SYBR-14 100 nM and propidium iodide, PI, 5 pg/ml, 15 min at 37 °C). The samples were run through a
FACSCalibur flow cytometer (Becton Dickinson; Franklin Lakes, NJ), acquiring at least 5000 spermatozoa with the CellQuest 5
software. The probes were excited with a 488-nm laser, detecting the green emission of SYBR-14 with a photodetector behind a 530/30
filter and the red emission of PI using a 650LP filter. Spermatozoa were gating as fluorescence-positive events, with viability defined as
SYBR-14*/PTI".

The sperm doses were prepared with the OPTIXcell extender (IMV) at 160 x 10° cells/ml, slowly cooled to 5 °C for 2 h (~0,2 K/
min), packed in 0.25-ml straws, and equilibrated for 4 or 24 h. The doses were frozen using a programmable freezer (Digit-cool; IMV).
The freezing followed a standard curve for bovine semen, as described by Muino et al. (2008a): — 5 K/min from + 4 °Cto — 10°C, — 40
K/min from — 10 °C to — 100 °C, and — 20 K/min from — 100 °C to — 140 °C, and then stored in liquid nitrogen. The sperm doses were
shipped to the reproduction laboratory at the University of Ledn for analysis.

Thawing was performed in a water bath at 37 °C (30 s). Two straws per sample were pooled and analyzed by CASA and flow
cytometry directly after thawing and post-incubation (4 h at 38 °C, as a stress test) (Salman et al., 2021).

2.5. Determination of sperm motility by CASA-mot (computer-assisted sperm analysis, motility)

Motility was assessed in a 20-um Makler chamber. Sperm samples were extended in PBS 0.5% BSA to reach 25 x 10° cells/ml. The
CASA system was composed of a Nikon E400 microscope (Tokyo, Japan) with a thermostatic stage (37 °C), a x 10 negative phase
contrast objective, a Basler A312fc video camera (Basler Vision Components, Ahrensburg, Germany), and a computer with the ISAS®
V.1.019 software (Proiser R+D, Valencia, Spain). At least three fields and 200 cells/field were captured per sample at 53 frames/s. The
CASA provided the proportions of motile (total motility, MOT) and progressive spermatozoa (PROG, STR>80%), and the kinematic
parameters (from motile cells): Curvilinear path velocity (VCL), straight path velocity (VSL), average path velocity (VAP), linearity
index (LIN), straightness index (STR), wobble index (WOB), amplitude of the lateral movement of the head (ALH), and beat-cross
frequency (BCF).

2.6. Flow cytometry analysis

Flow cytometry analyses of the functional parameters of bull sperm were carried out using a CyAn ADP flow cytometer (Beckman
Coulter, Inc., Brea, USA) fitted with three diode lasers (violet at 405 nm, blue at 488 nm, and red at 635 nm), as described previously
for bull spermatozoa (Salman et al., 2021). Briefly, the sperm samples were incubated in 300 pul of PBS 0.5% BSA with different
fluorescent probes combinations at 2 x 10° cells/ml (38 °C for 15 min in the dark): 4.5 UM Hoechst 33342 (H342), 100 nM YO-PRO-1
(YP), 2 uM Merocyanine 540 (M540), 3 uM propidium iodide (PI), and 100 nM MitoTracker deep red (MT), for debris identification,
apoptosis-like and capacitation-like membrane changes, viability, and mitochondrial activity, respectively (H342/P1/YP/M540/MT);
and 4.5 uM Hoechst 33258 (H258), 5 uM CM-H,DCFDA (CFDA), 1 uM MitoSOX (MSX), and 1 ug/ml peanut agglutinin (PNA) Alexa
647, for viability, cytoplasmic ROS, mitochondrial superoxide production, and acrosomal integrity (H258/CFDA/MSX/PNA). Fluo-
rescence was collected in the cytometer by the different photodetectors provided with emission filters: In the violet line, 450/50 nm
(blue fluorescence: H342 and H258); in the blue line, 530/40 nm (green fluorescence: YP and CFDA), 575/25 nm for orange fluo-
rescence (orange: M540), 613/20 nm for red fluorescence (red: PI and MSX); and in the red line, 665/20 nm for red fluorescence (PNA
and MT). Sample acquisition was controlled by using the Summit V4.3.02 software. After an FSC height/area and forward/side scatter
(FSC/SSC) gating, debris was discarded as H342™ events for the first combination and as H258 (very low fluorescence) in the second
one. The acquisition was stopped after reaching 5000 spermatozoa. The data obtained by cytometry were processed using Weasel v.
3.2 (Frank Battye, Melbourne, Australia). Compensation was applied for PI (—4% YP) and M540 (—5% YP), not required for other
probe combinations. The supplementary material shows representative panels from Weasel in Figs. S1 and S2. Results were expressed
as proportions except for cytoplasmic ROS: Live spermatozoa (PI"); Showing apoptotic features (YP'/PI"); Apoptotic (YP™) within the
viable population (ratio of PI"); Total acrosomal damage (PNA™); Acrosomal damage (PNA™) within the viable population (ratio of
H258"); Capacitated (M540"; this probe reveals increased membrane disorder, a possible proxy for capacitation) within the
non-apoptotic population (ratio of YP7); Active mitochondria (YP/MT™"); Active mitochondria (MT™) within the non-apoptotic
population (ratio of YP); Cytoplasmic ROS as median fluorescence value of CFDA in the viable population (H2587); And high
mitochondrial O3 production within the viable population (ratio of H2587).
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2.7. Sperm chromatin analysis

The SCSA (Sperm Chromatin Structure Assay) was used to assess sperm DNA integrity and chromatin compaction as described
previously (Salman et al., 2021). Briefly, spermatozoa were extended at 2 x 10° cells/ml in TNE (10 mM Tris-HCI, 150 mM NacCl, 1 mM
EDTA, pH 7.4), and 200 pl were mixed with 400 pl of acid-detergent solution (0.1% Triton X-100, 150 mM NaCl, 80 mM HCI, pH 1.2).
After 30 s, 1.2 ml of acridine orange (AO) solution was added (0.1 M citric acid, 0.2 M NayHPO4, 1 mM NagEDTA, 0.15 M NacCl, 6 pg/ml
AO). The sample was run through a FACSCalibur flow cytometer (Becton Dickinson; Franklin Lakes, NJ) before 5 min, acquiring at
least 5000 spermatozoa with the CellQuest 5 software. The AO was excited with a 488-nm laser, detecting the green and red emission
with photodetectors behind 530/30 and 650LP filters, respectively. Flow cytometry files (FSC v.2) were analyzed in the R statistical
environment, obtaining the DNA fragmentation index (DFI) for each spermatozoon (red to total fluorescence ratio). We got the
standard deviation of the DFI (SD-DFI), the proportion with DFI> 250 (%DFI), and chromatin compaction from the green fluorescence
(%HDS as the low-compaction population).

2.8. Disulfide bridges analysis

Monobromobimane (mBBr) is a fluorescent probe with high reactivity to free thiol groups. Samples were diluted in TNE at 10°
cells/ml and pipetted in two parallel black 96-well plates. One of the plates was used as a reference (positive) by reducing disulfide
bridges to free thiols by adding DTT (1 mM). After 10 min at 37 °C, the samples were washed and resuspended. Both plates were
incubated with mBBr fluorochrome (500 pM; 10 min, 37 °C), washed with PBS, and stained with PI (3 uM). The plates were kept at 4 °C
in the dark for 24 h and analyzed in a MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotech, Bergisch Gladbach, Germany),
reading 10 000 spermatozoa per sample. Propidium iodide was excited with the blue line (488 nm) and detected with a photodetector
behind a 655-700 nm filter (used for gating in sperm events), and mBBr was excited with the violet line (405 nm). Its emission was
detected using a 450/50 nm filter (labeled thiol groups). Data were saved in flow cytometry standard (FCS) files and processed using
the R statistical environment. Disulfide bridge abundance was estimated by subtracting total thiols (DTT-treated) from free thiols and
dividing by 2 (Zubkova et al., 2005). In addition, mBBr-low, mBBr-moderate, and mBBr-high sperm populations (with few, inter-
mediate, or high relative numbers of sulfhydryl groups) were estimated using appropriate thresholds from standard samples.

2.9. Assessment of lipid peroxidation

The susceptibility of the spermatozoa to lipoperoxidation was assessed using the Bioxitech® MDA-586 kit (Aoxre Bio-Sciences,
Burlingame, CA, USA) to detect malondialdehyde (MDA) (Mata-Campuzano et al., 2012). First, the samples were diluted to 107
cells/ml in PBS with 40 pM FeSO4 and 200 pM Na-ascorbate (freshly prepared) to induce MDA release. After 30 min at 37 °C, 60 pl of
the sample were vortexed with 192 pl of the kit R1 reactive and 3 pl of probucol (120 mM), then vortexing after adding 45 pl of the R2
reactive and incubated at 45 °C for 1 h. The tubes were centrifuged, and the supernatant was read for absorbance (586 nm) in a 96-well
flat bottom transparent plate (Nunc, Roskilde, Denmark) using a Synergy HT plate reader (BIO-TEK, Winooski, Vermont, USA). A
standard curve from known quantities of MDA was included in each plate to calculate MDA concentration (umol of MDA per 108
spermatozoa).

2.10. Statistical analysis

Statistical analyses were conducted in the R statistical environment (R Core Team, 2021). Normality was checked using the
Shapiro-Wilk test, using a Box-Cox transformation if appropriate. The data were analyzed using linear mixed-effects models (LME)
with equilibration time and incubation as fixed effects and the male as a random effect. For CASA-mot data, sperm subpopulations
were obtained with a two-step cluster analysis described previously (Fernandez-Alegre et al., 2022) and expanded in the supple-
mentary material. Since the experimental design enabled the study of the bulls’ influence on the response to different treatments, an
additional analysis was carried out by generalized linear models (GLM), including the equilibration time, incubation, the bull effects,
and their pairwise interactions. Finally, the relationships between variables and bull fertility (non-return rates, NRR) were studied by
Pearson correlations. The level of significance was set at P < 0.05.

3. Results
3.1. Sperm quality of the fresh samples

Semen samples were obtained from the 12 Holstein bulls, with three ejaculates per bull. The mean and standard deviations (SD) for
the total and progressive motilities assessed by CASA-mot were 68.0%+ 15.9% and 13.5% =+ 5.6, respectively. The sperm viability
assessed by flow cytometry with the SYBR-14/PI combination was 71.0% + 14.0.

3.2. Effects of the equilibration time on sperm quality

The amount of change of post-thawing semen parameters compared to the fresh samples was small, with mean + SD of 53.8% +
15.4 for total motility and 68.0% =+ 18.7 for viability (PI"), and even increased to 17.7% =+ 8.5 for progressive motility (overall results
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for both equilibration times). The extension of the equilibration time from 4 to 24 h induced small changes in the post-thawing sperm
quality. Total motility (Fig. 1a) was not significantly affected, whereas progressive motility (Fig. 1b) was lower post-thawing when the
samples were equilibrated for 24 h (P = 0.004), but differences equalized after the post-thawing incubation. Both trends were evident
in the kinematic parameters provided by the CASA-mot system (Fig. 2), with VCL and ALH (Figs. 2a and 2g) not being affected and the
other parameters showing higher values post-thawing for the 4-h equilibration. In all cases, differences were not significant (P > 0.05)
after the post-thawing incubation. No differences were detected for the sperm subpopulations obtained from the cluster analysis
(Table 1, Fig. 3).

The flow cytometry assessment of sperm physiology (Fig. 4) showed good sperm quality in most cases, with no differences between
both equilibration times, except for the capacitation ratio (Fig. 4f), slightly higher post-thawing for the 4-h equilibration (P=0.025). In
addition, the samples showed good resistance to the post-thawing incubation, with significant changes only for viability, total acro-
somal damage, and total mitochondrial activity (Figs. 4a, 4d, and 4g). Oxidative stress parameters showed minimal free radical
production in all cases (Fig. 5), not varying with equilibration time or after the post-thawing incubation.

The analysis of the sperm chromatin structure showed some small but significant changes between the equilibration times. The
standard deviation for the DFI parameter was higher in the samples processed after the 24-h equilibration. However, this effect was
noticeable only after the post-thawing incubation (Fig. 6a). Contrarily, the %DFI (DNA fragmentation) was lower for the 24-h
equilibration if analyzed just after thawing (Fig. 6b). Chromatin compaction assessed by AO stainability (%HDS) was lower in the
24-h equilibrated samples both after thawing and after the incubation (Fig. 6¢). Considering the abundance of free thiols, the pro-
portions of the sperm populations showing low and moderate mBBr fluorescence swapped between equilibration and sampling times
(Fig. 7a and b). The proportion of spermatozoa with low mBBr fluorescence was significantly higher both in the 24-h equilibration time
and after the post-thawing incubation, compared to the 4-h equilibration and the post-thawing analysis, respectively. The opposite was
observed for the moderate-mBBr population. The population of high-mBBr fluorescence was small and with no significant changes
(Fig. 7c). The amount of disulfide bridges estimated by mBBr (Fig. 7d) was significantly higher in the samples processed with 4 h of
equilibration time both post-thawing and after incubation.

The GLM analysis (Table S1 in the supplementary material) showed that the bull effect was significant for all variables (also
confirmed by extracting the variance components from the random part of the LME models). This reflected the post-thawing variability
in sperm quality, despite being bulls of proven fertility and tested for acceptable sperm quality. The effect of the incubation depended
on the bull (significant interaction), suggesting not only a variable post-thawing quality between bulls but also a different post-thawing
resilience. This interaction was found for some motility variables (especially those related to sperm progressivity) and all those
connected to chromatin integrity and structure. The most relevant result was that the effect of the equilibration time depended on the
male for the chromatin-related variables (except the proportion of the population with low mBBr fluorescence).

3.3. Association of quality variables and equilibration-time changes with field fertility

Non-return rates (NRR, day 56 post-Al) were provided for each bull, with a median of 50.8% and 47.5-53.65% as the 1% and 3rd
quartiles. A simple correlation study was performed to establish possible associations with the quality variables in each experimental
group. Interestingly, the sperm linearity in the fresh sample correlated negatively with NRR (LIN: —0.66, P = 0.005; STR: —0.72,
P = 0.008). No significant correlations were found in the analyses of the 4-h equilibration samples when assessed just after thawing.
However, some variables obtained after the incubation correlated with NRR, namely the capacitation ratio (—0.48, P = 0.003), the
high superoxide production ratio (—0.51, P = 0.001), and the chromatin variables SD-DFI (—0.51, P = 0.002) and high-mBBr fluo-
rescence (—0.58, P = 0.023). The samples processed with a 24-h equilibration period showed some correlations in the post-thawing
assessment involving chromatin-status parameters, with SD-DFI (—0.46, P = 0.005), %HDS (—0.39, P = 0.018), and high-mBBr
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Fig. 1. Effect of the extension of equilibration time from 4 h to 24 h using the OPTIXcell extender on CASA-mot (computer-assisted sperm analysis,
motility) variables (n = 12 bulls). The plots show mean + SEM for total motility (MOT) and progressive motility (PROG), directly post-thawing (PT)
and after 4-h incubation at 38 °C. Insets show P values for the effects of equilibration time within each sampling time. The overall effect of the
incubation was P=0.030 for MOT and P<0.001 for PROG.
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Fig. 2. Effect of the extension of equilibration time from 4 h to 24 h using the OPTIXcell extender on the CASA-mot kinematic variables (n = 12
bulls). The plots show mean + SEM directly post-thawing (PT) and after a 4-h incubation (4 h at 38 °C). Insets show P values for the effects of
equilibration time within each sampling time. The overall effect of the incubation was P<0.05 for ALH and P<0.001 for VSL, LIN, STR, WOB,
and BCF.

Table 1

Descriptive statistics (median 4+ median absolute deviation) for the three subpopulations found in the motility data after a two-step clustering. A total
of 219,735 spermatozoa (n = 12 bulls) were clustered, resulting in three subpopulations defined by their median motility parameters as Rapid (fast
and lineal trajectories), Slow (low velocity and linearity), and Hyper (very fast, low linearity, high ALH, resembling hyperactivated swimming). The
statistics were calculated from the total dataset after clustering, with the last column showing the overall proportion of each subpopulation in the
initial dataset. For subsequent analyses, only the proportion of each subpopulation in each sample was used.

Cluster VCL VSL VAP LIN STR WOB ALH BCF %

Rapid 121.4 70.1 83.9 57.3 86.8 68.6 2.5 18.6 16.5
+ 56.4 + 28 + 28.1 +15.8 +99 +13.5 +1.3 +6.9

Slow 58.4 10 28.7 17.4 37.7 48.8 1.8 6.0 15.2
+ 25 +6.1 +12.3 +11.3 +21.9 +11.5 + 0.6 +3

Hyper 216.2 49.2 98.2 26.7 58 47.7 5.2 13.0 68.3
+ 82.3 + 32.8 + 34.5 +12.2 + 24.4 +8.2 +21 +5.4

fluorescence (—0.74, P = 0.002). After the 4-h incubation, the number of significant correlations increased, with the apoptotic ratio
(—0.38, P = 0.024), the active mitochondria ratio (0.46, P = 0.005), the high superoxide production ratio (—0.36, P = 0.032), SD-DFI
(—0.47, P = 0.004) and high-mBBr fluorescence (—0.77, P = 0.023).

To further explore these relationships, we determined the change between the 4 and the 24-h equilibration times in both incubation
times and then the correlations with NRR. In the post-thawing analysis, only the change of %HDS and high-mBBr fluorescence
correlated significantly with NRR (—0.53, P = 0.001; 0.53, P = 0.042, respectively). After the incubation, the change in some of the
physiology and chromatin parameters correlated with NRR: Apoptotic cells (—0.37, P = 0.028), apoptotic ratio (—0.34, P = 0.004),
the high superoxide production ratio (—0.35, P = 0.026), %HDS (—0.37, P = 0.026), low-mBBr fluorescence (—0.63, P = 0.012), high-
mBBr fluorescence (—0.63, P = 0.012), and disulfide bridges (—0.59, P = 0.021).

4. Discussion

This study contributes to better assessing the suitability of extended equilibration times for freezing bull semen from commercial
breeds, adding knowledge on some physiological and chromatin parameters. Many authors (Bailey et al., 2000; Leite et al., 2010) have
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Fig. 3. Effect of the extension of equilibration time from 4 h to 24 h, using the OPTIXcell extender, on the motility subpopulations (Table 1;n = 12
bulls). The plots show mean + SEM for the Rapid, Slow, and Hyper (hyperactive-like) subpopulations, directly post-thawing (PT) and after a 4-h
incubation (4 h at 38 °C). Insets show P values for the effects of equilibration time. The overall effect of the incubation was P=0.001 for Rapid
and P>0.05 for Slow and Hyper.
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Fig. 4. Effect of the extension of the equilibration time from 4 h to 24 h using OPTIXcell on the sperm physiology assessed by flow cytometry
(n = 12 bulls). The plots show mean + SEM for sperm viability (PI"), apoptotic spermatozoa (YO-PRO-1"/PI"), apoptotic ratio (%YO-PRO-1" within
PI), acrosomal damage (total PNA™ and %PNA™ within H258"), capacitated spermatozoa (%M540" within YO-PRO-1"), and active mitochondria
(MitoTracker " and %MitoTracker " within YO-PRO-1"), directly post-thawing (PT) and after a 4-h incubation (4 h at 38 °C). Insets show P values for
the effects of equilibration time. The overall effect of the incubation was P<0.001 for viability, acrosomal damage (total), and mitochondrial ac-
tivity (total).

shown that equilibration time is essential for adapting the sperm plasma membrane to new conditions. However, there is no agreement
on which equilibration time is more appropriate for bull sperm. We add valuable information from some previous reports (Anzar et al.,
2011; Fleisch et al., 2017; Foote and Kaprotht, 2002; Shahverdi et al., 2014), which suggested that increasing the equilibration time of
bull and buffalo semen did not affect or only slightly decreased the post-thawing quality.

Whereas previous results indicated that a 24-h equilibration time might have no detrimental effects on bull spermatozoa (Anzar
et al., 2011; Fleisch et al., 2017; Foote and Kaprotht, 2002), we found that the progressive motility and some kinetic parameters
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Fig. 5. Effect of the extension of the equilibration time from 4 h to 24 h using OPTIXcell on the oxidative stress variables (n = 12 bulls). The plots
show mean + SEM for cytoplasmic ROS (HoDCFDA mean fluorescence intensity —MFI— within H2857), and production of the superoxide anion 03"
in mitochondria (%MitoSOX™ within H285"), and lipoperoxidation (LPO) as malondialdehyde (MDA) production, directly post-thawing (PT) and
after incubation for four hours (4 h at 38 °C). The equilibration time did not significantly affected these variables. The overall effect of the incu-
bation was P<0.001 for cytoplasmic ROS and P=0.037 for mitochondrial O3".
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Fig. 6. Effect of the extension of the equilibration time from 4 h to 24 h using OPTIXcell (n = 12 bulls) on the SD of the DFI (sperm DNA frag-
mentation index), sperm DNA fragmentation (%DFI), and chromatin immaturity (%HDS), directly post-thawing (PT) and after incubation for four
hours (4 h at 38 °C). Insets show P values for the effects of equilibration time. The overall effect of the incubation was P<0.001, only for %HDS.
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Fig. 7. Effect of the extension of the equilibration time from 4 h to 24 h using OPTIXcell (n = 12 bulls) on the evaluation of free thiols (as low,
moderate, or high mBBr staining) and disulfide bridges (estimated from the mBBr assay), directly post-thawing (0 h) and after incubation for four
hours (4 h at 38 °C). Insets show P values for the effects of equilibration time. The overall effects of the incubation were P<0.001, except for the
high mBBr population (P>0.05).
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decreased just after thawing. However, this decrease was relatively small and did not reflect on the sperm populations or the phys-
iological parameters assessed by flow cytometry. Foote and Kaprotht (2002) found a positive effect of extending the equilibration time,
however, with different conditions than the ones tested in our experiment: 18 h, using a whole milk-fructose extender and only
considering total motility, which was overall lower (~45%) than in our experiment with OPTIXcell. The extender type affects the
equilibration time’s impact on the post-thawing semen quality. For instance, the Tris-egg yolk-based extender Biladyl resulted in
higher post-thaw bull sperm quality, comparison to the soybean-derived extenders AndroMed and Biociphos Plus following the same
18 h equilibration time protocol (Muino et al., 2007). However, these authors did not include a comparison with shorter equilibration
times.

In a more extensive study, Fleisch et al. (2017) tested the commercial extenders AndroMed, Triladyl, and also OPTIXcell, and up to
96 h of extension, analyzing plasma membrane and acrosome integrity (PMAI), mitochondrial activity, and DNA fragmentation index
(%DFI, not considering other parameters). While extending the equilibration time to 48 h and beyond seemed harmful, there were no
significant effects for 24 h in motility, mitochondrial activity, %DFI, and even a positive impact for PMAL Similar results were found in
buffalo (Shahverdi et al., 2014), with the BioXcell extender yielding higher post-thawing progressive motility (but neither total
motility, PMAL nor %DFI) than Tris-citric egg yolk and no differences among 2, 4, 8, and 16 h of equilibration time. Our results follow
these findings considering the membrane and acrosomal status, with no significant changes between 4 and 24 h equilibration time.

One of the purposes of this study was to expand the knowledge about the physiological and chromatin parameters by performing an
exhaustive flow cytometry study to understand better the possible changes of the extension of the equilibration time. Thus, the present
study found no differences in mitochondrial functionality between the equilibration times. This could be relevant to the lack of
apoptotic-like membrane changes or evidence of oxidative stress since mitochondrial functionality is related to apoptosis pathways
such as cytochrome c release from the mitochondria after functionality loss (Martin et al., 2007). Moreover, an increase in ROS yield is
typical both in activation (such as capacitation) and in stressful events (Das and Roychoudhury, 2022). Our results explain previous
studies, at least for the 24-h equilibration period. Moderate extension of the equilibration time might not be enough to induce cellular
stress, explaining the lack of differences. It would be interesting to investigate if the detrimental changes observed in longer equili-
bration times (Fleisch et al., 2017) are related to oxidative stress or mitochondrial failure and, therefore, if extenders could be modified
(e.g., with longer antioxidant capacity) to improve these results.

Interestingly, the proportion of live-capacitated spermatozoa decreased slightly after thawing in the 24-h equilibration time. We
cannot confirm if this was due to the death of sensitive spermatozoa undergoing these changes or to better membrane stability, but in
any case, the changes were small and possibly biologically non-important.

Effects on the sperm chromatin were minor but, in most cases, significant. Whereas some studies included analysis of DNA frag-
mentation (Fleisch et al., 2017), as far as our knowledge is concerned, there are no reports on the effects of extending the equilibration
time on sperm chromatin structure. This information is relevant due to the influence not only of DNA fragmentation but also the overall
chromatin structure on fertility (Dogan et al., 2015; Martinez-Pastor et al., 2009; Martins et al., 2021). We noticed a very low overall
DNA fragmentation, and, interestingly, extending the equilibration time decreased the incidence post-thawing, whereas Fleisch et al.
(2017) reported a sustained increase with equilibration time (but non-significant from 4 to 24 h). The lower DNA fragmentation at
24-h could be related to higher compaction of the sperm chromatin, as suggested by the %HDS variable of SCSA. However, the mBBr
results indicate that the larger chromatin compaction when equilibrating for 24 h was not due to the formation of new disulfide bridges
between protamines. Indeed, disulfide bridges decreased with a longer equilibration time, maybe due to the good antioxidant capacity
of the OPTIXcell extender. Our results on oxidative stress markers and previous observations after adding potent antioxidants (Salman
et al., 2021) support this hypothesis. In any case, whereas specific studies should investigate the mechanisms modulating the chro-
matin compaction, the results are encouraging since a high %HDS has been related to lower fertility in bull semen (Narud et al., 2021).

Using a stress test as the incubation at 37-38 °C is a simple and effective method to assess sublethal damage and resiliency after
thawing, revealing potential cryoinjuries. Many authors have utilized this test at different times. For instance, 2 h (Anzar et al., 2011),
3 h (Fleisch et al., 2017), 4 h (Muino et al., 2008b), or 5 h (Muino et al., 2008a), and up to 9 h (Muino et al., 2007). After the in-
cubation, the results related to sperm physiology equalized, suggesting that the sample resiliency was similar. Using also OPTIXcell,
Fleisch et al. (2017) found similar results after incubating the thawed samples, except for PMAI, which remained higher for the 24-h
equilibration time. The freezing protocol could have influenced that result by affecting the membrane resiliency since the equivalent
PMAI in our experiment (not shown and very similar to the overall viability) was higher for the 4-h equilibration. Nevertheless, the
most interesting results were related to oxidative stress and chromatin status. The incubation increased ROS production very slightly,
and the lack of response of an oxidative stress indicator as LPO indicated good protection by the extender (Fernandez-Santos et al.,
2009). This protection would have prevented noticeable changes in the chromatin integrity, as showed by the SCSA after the incu-
bation. Nevertheless, the incubation at 38 °C could have enhanced the activity of the nuclear peroxidases (Conrad et al., 2005),
explaining the higher amount of disulfide bridges.

Whereas the influence of the individual bulls was not a central goal of this experiment, it should be the focus of follow-up studies.
We found that the individual variability affected not only the post-thawing sperm quality but also the resilience to the incubation and,
to some extent, the results of the extended equilibration time. Interestingly, the interaction of both treatments with the male was
significant, considering the sperm chromatin evaluation. Even if these parameters were satisfactory in all cases, the changes (positive
and negative) in this crucial aspect of sperm quality could influence the vulnerability (Zubkova et al., 2005) and the fertility of the
cryopreserved doses (Narud et al., 2021). Our results suggest that bull characterization should include tests such as post-thawing
incubation. Moreover, assays of chromatin structure and not only DNA fragmentation could provide crucial information on the
suitability of long equilibration times for the cryopreservation of semen from specific bulls.

Whereas we did not perform a fertility trial with samples equilibrated for 4 or 24 h, we explored if the sperm quality could be
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associated with the Al records from the males used in this study (Christensen et al., 2011; Rodriguez-Martinez, 2003). Previous studies
have shown no significant effects of increasing the equilibration time with field fertility, even if effects were noted on sperm quality
(Fleisch et al., 2017; Foote and Kaprotht, 2002). It is relevant that the usual post-thawing analyses in the generally performed 4-h
equilibration time were not associated with NRR. However, analyses after the post-thawing incubation or in the 24-h equilibration
time presented many significant correlations, some with at least moderate strength. It is also noteworthy that the chromatin-associated
variables predominated among the variables associated with NRR. Whereas the status of post-thawed spermatozoa might not be
related to the Al results, a prolonged interaction of the spermatozoa with the extender might induce changes, reflecting a more ac-
curate assessment of its potential fertility.

For instance, extenders contain lipidic components (Nasiri et al., 2012; Ropke et al., 2011; Towhidi and Parks, 2012), which could
interact more efficiently with the membranes with extended equilibration times or the higher incubation temperature. Indeed, the
consistency of the associations and their signs when using the change between the 4 and 24-h equilibration times support that
modifications of the spermatozoa could be significant and that chromatin structure analyses (beyond DNA fragmentation) might add
value to the usual sperm assessment panel. Research on the effect of different equilibration times in spermatozoon composition and
intracellular signaling is warranted, together with extensive trials for determining the impact of those changes on field fertility.

5. Conclusions

The differences in the post-thawing semen variables between the two equilibration times in our experiments were slight. Thus,
according to these findings and the previous studies, we can conclude that the application extension of the equilibration time to the day
after semen collection is available, according to the Al center’s requirement. Further studies are required to evaluate the fertilizing
capacity of those samples to create a more comprehensive picture of these treatments.
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