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Jessica Rickard

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Pilar Santolaria Blasco

Department of Animal

Production and Food Sciences

Universidad de Zaragoza

Huesca

Spain

Rosaura Pérez-Pe
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The assessment of semen quality is used to identify factors that influence sperm
performance and diagnose male infertility. From the earliest works to the present day, a
considerable number of analytical techniques have been developed. These tests study many
aspects of the morphology and physiology of the spermatozoan; however, their ability to
predict male fertility remains low. Some of these techniques have been automated, which
can make the test results more objective, but others still require subjective evaluation. The
introduction of computer-assisted sperm analysis (CASA) systems and flow cytometry
has revolutionized sperm quality analysis in recent decades. However, the use of these
advanced techniques remains experimental, with only a few of them having successfully
led to practical applications in routine commercial semen evaluation. Future sperm biology
research should focus on developing analytical techniques that have a greater capacity to
predict male fertility and can be used in both the laboratory and the field. Field adaptation
will require progress in automation and simplification, to produce precise, economical and
efficient techniques. Nevertheless, as technology advances in these analytical tests and
research continues, our greater understanding of male fertility will aid the development of
new methods of sperm evaluation.

This Special Issue of Biology entitled “Sperm quality: Past, present and the future
knowledge we need” focuses on understanding the quality of spermatozoa in three sub-
sections: (1) the function of the sperm cell, (2) its ability to withstand cryopreservation
and (3) its performance both in vitro and in vivo. Combined, this Special Issue contains
11 published peer-reviewed papers.

1. Function of the Sperm Cell

An important endeavor in the creation of this Special Issue was to delve into aspects
related to the biology and physiology of spermatozoa. In this regard, sperm capacitation is
essential for the acquisition of fertilizing capacity, and, although it has been extensively
studied in many species, there are still aspects that remain unclear. Many studies have
been conducted to establish a suitable capacitation medium for different species, because
effective in vitro sperm capacitation is required for successful in vitro fertilization (IVF).
Most of the media examined include bovine serum albumin (BSA) and bicarbonate, but
these compounds may not be necessary to capacitate sperm from all species. Chaves et al. [1]
demonstrated that BSA is crucial for pig sperm to elicit in vitro capacitation and trigger
subsequent progesterone-induced acrosome exocytosis. In contrast, although exogenous
bicarbonate does not appear to be indispensable, it shortens the time needed to reach that
capacitated status. The authors of this work concluded that media containing BSA and
low levels of or no bicarbonate were the most suitable for inducing the capacitation of pig
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sperm, maintaining higher motility and plasma membrane integrity than those with high
bicarbonate levels. These results do highlight the existence of species-specific mechanisms
that are regulating the successful performance of sperm capacitation in vitro.

The development and maturation of spermatozoa, as well the acquisition of motility
and capacitation, are strongly coordinated by sperm protein phosphorylation, among other
protein post-translational modifications. Serrano et al. [2] reviewed and summarized the
current knowledge of protein phosphorylation in human spermatozoa as the mechanism
responsible for the regulation of processes necessary to achieve successful fertilization. The
application of global phosphoproteomic profiling technology in evaluating sperm quality
would enable the identification of male infertility biomarkers and could reveal insights into
cases of idiopathic infertility in humans. In this regard, many couples attending infertility
clinics are eventually enrolled in an intracytoplasmic sperm injection (ICSI) cycle after
several failed attempts of pregnancy. In this procedure, the selection of the most adequate
sperm to be injected inside the egg is crucial to the cycle’s success. Magnetic activated cell
sorting (MACS) is a technique that removes sperm that have begun undergoing an apoptotic
process from a semen sample. This technique is not routinely performed prior to ICSI,
but is usually offered as an option to increase the chances of success. In the retrospective,
multicenter, observational study conducted by Gil-Juliá et al. [3], the researchers assessed
the impact of MACS on reproductive outcomes. Their results suggested that non-apoptotic
sperm selection via MACS prior to ICSI with autologous oocytes reduces the number of
embryos required to be transferred in order to obtain a live birth, but the method has
limited clinical impacts. Consequently, MACS should not be recommended to all infertile
couples before performing an ICSI cycle. Interestingly, this technique in combination
with the use of antibodies has been shown to be effective for sperm sexing. In the dairy
industry, the use of sexed sperm to increase the percentage of female calves in offspring
has been long considered. The technique currently used for this purpose is flow cytometry
combined with a cell sorter which separates X-chromosome-bearing sperm (X-sperm) and
Y-chromosome-bearing sperm (Y-sperm) based on the difference in their DNA content.
Immunoseparation is presented as a cheaper and less stressful alternative for spermatozoa
sexing by Sringarm et al. [4], who showed that the use of magnetic microbeads coupled
with scFv antibodies against Y-sperm (PY-microbeads) produced 82.65% of X-chromosome
sperm in the selected fraction with acceptable sperm quality.

2. Impact of Cryopreservation on Sperm Quality

The use of sperm preservation has long been considered a vital reproductive technol-
ogy in human medicine, livestock artificial breeding and wildlife conservation programs.
Cryopreservation, in particular, not only facilitates biobanks and the storage of precious
genetic material but also maximizes long-term fertility and genetic gain. Ever since glycerol
was discovered to be an effective cryoprotectant in 1947, the species-specific protocols and
media used have undergone extensive research to optimize sperm survival and quality
post-thaw. The basic principles involved in the freeze–thaw process, including the cooling
curve, freezing rate and thawing, will always remain; however, as technology advances
and procedures are automated, there is always the opportunity to update and improve
the quality of spermatozoa post-thaw. Within this Special Issue, knowledge on the impact
of cryopreservation on the metabolome of turkey spermatozoa was reported, recommen-
dations were made regarding the use of the sperm-rich fraction or entire ejaculate for
improved boar sperm storage and fertility, and a novel enzyme was suggested to reduce the
viscosity associated with wildlife ejaculates, improving the cryosurvival and availability
of rhinoceros spermatozoa for wildlife conservation programs. These scientific papers
represent some of the compelling research being conducted to advance our knowledge and
understanding of sperm quality post-cryopreservation.

Of all the animal industries, research on the impact of cryopreservation on avian
sperm quality is likely to be the most limited in comparison to that of cattle, pigs or sheep.
Paventi et al. [5] used nuclear magnetic resonance (NMR) to create a profile of turkey
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spermatozoa both prior to and after freezing. They observed a positive correlation between
amino acid levels with physiological changes in sperm parameters, with the exception of
glycine, which was revealed to have a negative association. Interestingly, glycine was also
seen to increase following cryopreservation. From these results, not only was a metabolomic
profile of turkey spermatozoa created, but authors also identified biomarkers for sperm
freezability and quality. Furthermore, they identified potential strategies through the
supplementation of metabolites which could be used to improve the success of turkey
sperm cryopreservation.

Boar sperm storage protocols (both liquid and frozen) have undergone extensive
development and optimization over time. A recent objective was to maximize the number
of doses produced for artificial insemination from one ejaculate per male. Luongo et al. [6]
investigated the impact of different boar ejaculate fractions on the quality of sperm liquid
stored from the sperm-rich fraction. There was no impact of incubating the entire ejaculate
or mixing the sperm-rich and intermediate fraction on sperm quality, pregnancy following
artificial insemination or offspring survival. This suggests the possibility that boar ejacu-
lates could be used more effectively for both sperm storage and insemination protocols,
increasing the reproductive and economic efficiency of artificial reproductive technologies
for the pig industry.

Ejaculates collected from wildlife species via electro-ejaculation are often highly vis-
cous. It is suggested that this method of semen collection, artificially stimulates the acces-
sory sex glands, altering the contribution of seminal plasma and physiological parameters
of the ejaculate. Like that of the boar, the ejaculate of the rhinoceros is also fractionated,
with a sperm-rich fraction predominantly being used for cryopreservation and artificial
insemination. However, this renders the very expensive and labor-intensive procedure of
collecting semen very inefficient, especially when considering the risk posed to valuable
endangered animals. Any semen obtained from these viscous fractions are often of poor
quality and do not survive the freezing process. Rickard et al. [7] investigated the use of the
enzyme papain, which has successfully been used in alpaca freezing protocols, to reduce
the viscosity of rhinoceros ejaculates. Here, they reported that papain not only increased
the quantity of spermatozoa available for use from one ejaculate but also improved the
motility and kinematics of spermatozoa post-thaw compared to those of the sperm-rich
fraction, without detriments to viability, DNA integrity or acrosome integrity. This work
substantially increases our knowledge of rhinoceros sperm quality during cryopreserva-
tion, the reduced viscosity of samples also enables the use of advanced semen assessment
technology such as CASA and flow cytometry. It also raises the possibility of improving the
ejaculate quality collected of other wildlife species for conservation and breeding purposes.

3. Relationship between Sperm Quality and Fertility

There is a direct relationship between sperm quality and fertility. Sperm quality refers
to the health and characteristics of sperm cells, including their count, motility, morphology,
and viability. These factors are crucial for successful the fertilization of an egg and the
establishment of a viable pregnancy. Evaluating and addressing any issues with sperm
quality through proper diagnosis and appropriate treatments can significantly improve
the chance of inducing pregnancy. However, achieving satisfactory predictions based on
the in vitro evaluation of sperm quality remains a challenge. Overall, the combination
of scientific discoveries, technological innovations, advancements in optical physics, and
computing techniques has significantly advanced our understanding of semen quality and
its impact on fertility. These advancements could improve, significantly, the accuracy of
semen analysis.

In this sense, testicular ultrasound, a non-invasive diagnostic procedure, could be a
useful tool. Recent ultrasound-video analysis and software developments have allowed
the visualization of tissue at the microscopic level. Carvajal-Serna et al. [8] revealed that
echotexture analysis via ultrasound video could be a valuable tool for assessing the breeding
soundness of rams. An increase in the number of white and grey pixels could indicate
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a decrease in seminal quality, and tubular density and lumen area could be predictors
of good seminal quality. Therefore, ultrasound video analysis could be a useful tool for
evaluating the fertility of rams, either for storage, artificial insemination or natural joining
on the farm.

On the other hand, the analysis of sperm performance under in vitro conditions
provides a good indication of fertilizing potential. Parameters such as motility, swimming
kinetics, acrosome integrity, and ATP content are thus examined in efforts to characterize
such potential. Hamster species are a good model for studying sperm parameters that are
key determinants of fertilizing capacity because these species are at the higher end of the
diversity of mammalian sperm morphology and performance. In vitro functional studies
demand that sperm remain viable during a long period of time under conditions that
resemble those in the female tract. Sperm from certain species require a supplementation
of the incubation medium with factors that stimulate viability and motility, or that promote
the acquisition of fertilizing capacity. Molecules important for sperm performance in
hamsters have been identified, namely D-penicillamine, hypotaurine and epinephrine
(PHE). Tourmente et al. [9] investigated the effect of PHE on spermatozoa from five hamster
species incubated for up to 4 h, revealing that supplementation with a combination of
D-penicillamine, hypotaurine and epinephrine maintains or improves the performance of
spermatozoa from five hamster species in different manners, depending on the species.

Regarding the relationship between the quality and fertility parameters, Yániz et al. [10]
investigated whether or not differences in bull fertility are associated with variations of
sperm quality. Differences between high- and low-fertility bulls were found mainly in
parameters related to sperm acrosome integrity when using a new fluorescence method that
allowed the clear and precise detection of the sperm plasma membrane and acrosome: the
ISAS3Fun method. It was concluded that the simultaneous assessment of sperm viability
and acrosome integrity with the ISAS3Fun method is accurate and seems to have greater
potential in discriminating between high- and low-fertility bulls than do more conventional
in vitro sperm quality tests. These results may help to predict the breeding soundness of
bulls used in artificial insemination, which is important for the dairy industry.

Finally, swine reproduction efficiency is determined by the fertility potential of the sow
and sperm quality. The objective of Barquero et al.’s study [11] was to compare boar sperm
motility and kinematic features to evaluate their relationship with reproductive success
after artificial insemination. The movement patterns of boar ejaculates were analyzed
using a computer-assisted semen analysis (CASA)-Mot system, and the kinematic values
of ejaculate clusters were assessed. They showed that kinematic analysis of boar ejacu-
lates reveals kinematically separate populations. There were also differences between the
sperm kinematic variables in terms of sire line. However, there was no overall significant
difference between dam lines assessed via multivariate procedures. The fertility variables
characterized according to the sire genetic line did not show differences, except for the
significantly fewer stillbirths in Pietrain boars. Sperm kinematic variables may provide
the capacity to predict litter size variables, albeit a limited one. Nevertheless, the analysis
of ejaculates, organizing them into clusters, did not provide the capacity to predict litter
size variables.
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Simple Summary: In this work, we addressed if the presence of exogenous bicarbonate required for
pig sperm capacitation, which is a necessary step to acquire fertilizing ability. While sperm incubated
in media without BSA or BSA/bicarbonate did not achieve in vitro capacitation, those incubated with
BSA reached that status under any bicarbonate concentration, even when bicarbonate was absent.
Interestingly, there were differences related to the concentration of bicarbonate, since sperm incubated
in media with BSA and with no bicarbonate or 5 mM bicarbonate showed lower overall efficiency in
achieving in vitro capacitation than those incubated in the presence of BSA and higher concentration
of bicarbonate. Additionally, at the end of the experiment, sperm incubated in the presence of BSA
and 38 mM bicarbonate showed lower motility and plasma membrane integrity than those incubated
in media with BSA and lower concentrations of bicarbonate. In conclusion, BSA is crucial in for
pig sperm to elicit in vitro capacitation and trigger the subsequent progesterone-induced acrosome
exocytosis. In contrast, although exogenous bicarbonate does not appear to be indispensable, it
shortens the time needed to reach that capacitated status.

Abstract: This work sought to address whether the presence of exogenous bicarbonate is required for
pig sperm to elicit in vitro capacitation and further progesterone-induced acrosome exocytosis. For
this purpose, sperm were either incubated in a standard in vitro capacitation medium or a similar
medium with different concentrations of bicarbonate (either 0 mM, 5 mM, 15 mM or 38 mM) and BSA
(either 0 mg/mL or 5 mg/mL). The achievement of in vitro capacitation and progesterone-induced
acrosomal exocytosis was tested through the analysis of sperm motility, plasma membrane integrity
and lipid disorder, acrosome exocytosis, intracellular calcium levels, mitochondria membrane poten-
tial, O2 consumption rate and the activities of both glycogen synthase kinase 3 alpha (GSK3α) and
protein kinase A (PKA). While sperm incubated in media without BSA or BSA/bicarbonate, they did
not achieve in vitro capacitation; those incubated in media with BSA achieved the capacitated status
under any bicarbonate concentration, even when bicarbonate was absent. Moreover, there were
differences related to the concentration of bicarbonate, since sperm incubated in media with BSA and
with no bicarbonate or 5 mM bicarbonate showed lower overall efficiency in achieving in vitro capac-
itation than those incubated in the presence of BSA and 15 mM or 38 mM bicarbonate. Additionally,
at the end of the experiment, sperm incubated in the presence of BSA and 38 mM bicarbonate showed
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significantly (p < 0.05) lower values of motility and plasma membrane integrity than those incubated
in media with BSA and lower concentrations of bicarbonate. In conclusion, BSA is instrumental for
pig sperm to elicit in vitro capacitation and trigger the subsequent progesterone-induced acrosome
exocytosis. Furthermore, while exogenous bicarbonate does not seem to be essential to launch sperm
capacitation, it does modulate its efficiency.

Keywords: sperm capacitation; pig; bicarbonate; bovine serum albumin (BSA); glycogen synthase
kinase (GSK3); protein kinase A (PKA)

1. Introduction

Mammalian sperm are unable to fertilize oocytes upon ejaculation because, despite
being mature and motile, they need to reside within the female reproductive tract and
interact with that environment [1]. Within the female reproductive tract, sperm undergo
capacitation, which was first described in the 1950s [2,3]. Following this, sperm are able to
interact with oocyte vestments, trigger acrosome exocytosis and subsequently fuse with
the oocyte plasma membrane (reviewed in [4]). The capacitated spermatozoon undergoes a
series of functional changes that include, amongst others, modifications in the composition
of the sperm plasma membrane, acrosome remodeling, an increase in mitochondrial
activity and sperm motility, a noticeable rise in intracellular Ca2+ and ROS levels, and the
tyrosine-phosphorylation of certain sperm proteins [5–10].

At present, sperm capacitation can be performed in vitro in several (including pigs),
although not all, mammalian species. Because effective in vitro sperm capacitation is
required for successful in vitro fertilization (IVF), the main attempts to establish a proper
capacitation medium have been related to the development of this assisted reproductive
technique. Most previous studies have aimed to set a medium mimicking the oviductal
environment, where the capacitation status is fully achieved (reviewed in [11]). It is widely
accepted that a capacitation medium should contain a protein source, which is usually
bovine serum albumin (BSA), and a variety of ions, including bicarbonate (HCO3

−) and
Ca2+ [5,12,13]. During capacitation, removal of cholesterol from sperm plasma membrane
is induced by BSA, which leads to the displacement and rearrangement of phospholipids,
increases membrane fluidity, primes acrosome exocytosis and prepares sperm for the
penetration of oocyte vestments (including zona pellucida) prior to gamete fusion [14–17].
Furthermore, high levels of bicarbonate destabilize the sperm plasma membrane and
trigger a signaling cascade that involves a sperm-specific soluble adenylyl cyclase (sAC),
the increase in cAMP levels and the activation of protein kinase A (PKA; [18]). The
activation of PKA is one of the most important signals that elicits sperm capacitation and is
also involved in triggering acrosome exocytosis [1,19,20]. Additionally, the concentration
of bicarbonate changes across epididymal regions and in the oviductal fluid [19]. These
variations play a crucial role in the modulation of sperm function, as they are involved in
events such as sperm maturation during the epididymal transit, the acquisition of motility
upon ejaculation and the modulation of capacitation timing within the female reproductive
tract [19]. After ejaculation, sperm encounter a high bicarbonate concentration in the
female tract, ranging between 35 mM and 90 mM [5,21]. In vitro, these variations in the
concentration of bicarbonate do not exist, but rather sperm are exposed to a standard
concentration throughout all the process [22], this scenario likely being one of the limiting
factors in the efficiency of in vitro capacitation.

Previous research used different concentrations of bicarbonate and BSA to elicit
in vitro capacitation in pig sperm. Whereas several studies used a medium contain-
ing 25 mM NaHCO3 and 0.4% BSA [23], others used 36–38 mM NaHCO3 and 0.5% of
BSA [9,24–28]. In addition, other authors even found that a medium with 5 mg/mL BSA
but without NaHCO3 is able to induce in vitro capacitation in pig sperm [29,30]. These
differences clearly indicate that while both BSA and NaHCO3 are important in the achieve-
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ment of in vitro capacitation in pig sperm, neither the precise role of these two effectors
nor their particular relevance in the achievement of sperm capacitation are well known.
Since, to the best of our knowledge, no previous study interrogated the specific importance
of both exogenous bicarbonate and BSA during the achievement of in vitro capacitation,
this work aimed to explain to which extent these two components are crucial for pig sperm
to elicit in vitro capacitation and undergo progesterone-induced acrosome exocytosis.

2. Materials and Methods
2.1. Reagents

Unless otherwise declared, all the reagents were purchased from Sigma–Aldrich
(Saint-Louis, MO, USA) and Merck (Darmstadt, Germany).

2.2. Semen Samples

Semen samples were obtained from 12 separate boars of proven fertility according
to the farm records. Ejaculates were purchased from a local farm (Servicios Geneticos
Porcinos, S.L., Roda de Ter, Spain), where boar semen was routinely collected twice a
week through the gloved-hand method. Sperm-rich fractions were diluted in a commercial
extender (Duragen®; Magapor, S.L.; Ejea de los Caballeros, Spain) to a final concentration
of 3.3 × 107 sperm/mL. Samples were cooled to 17 ◦C, packed into 90 mL doses and finally
transported in an insulated container at 17 ◦C for approximately 45 min, which was the
time required to arrive at the laboratory. Upon arrival, sperm quality was evaluated to
confirm that conventional spermiogram parameters were above quality standards.

All procedures involving animals were performed according to the EU Directive
2010/63/EU for animal experiments, the Animal Welfare Law issued by the Regional
Government of Catalonia, and the current regulation on Health and Biosafety issued by
the Department of Agriculture, Livestock, Food and Fisheries, Regional Government of
Catalonia (Spain). In addition, the production of seminal doses by the farm followed
the ISO certification (ISO-9001:2008). The authors of this study did not manipulate any
animal but rather purchased the semen samples from a local farm, which operates under
commercial standard conditions. For this reason, no approval from a local ethics committee
was required.

2.3. In Vitro Capacitation and Progesterone-Induced Acrosome Exocytosis

All media were freshly prepared on the day of use and consisted of Tyrode’s medium
containing lactate and pyruvate, and different concentrations of bicarbonate and BSA. The
composition of this basic medium was: 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer, 112 mM NaCl, 3.1 mM KCl, 5 mM glucose, 0.3 mM Na2HPO4,
0.4 mM MgSO4, 4.5 mM CaCl2, 21.7 mM sodium lactate and 1 mM sodium pyruvate.
Eight different treatments were tested: (1) negative control (No BSA/No Bic), which was
the basic medium without bicarbonate or BSA; (2) basic medium supplemented with
5 mg/mL BSA (BSA/No Bic); (3) basic medium supplemented with 5 mg/mL BSA and
5 mM NaHCO3 (BSA + 5 mM Bic); (4) basic medium supplemented with 5 mM NaHCO3
(No BSA + 5 mM Bic); (5) basic medium supplemented with 5 mg/mL BSA and 15 mM
NaHCO3 (BSA + 15 mM Bic); (6) basic medium supplemented with 15 mM NaHCO3 (No
BSA + 15 mM Bic); (7) basic medium supplemented with 5 mg/mL BSA and 38 mM
NaHCO3 (BSA + 38 mM Bic); and (8) basic medium supplemented with 38 mM NaHCO3
(No BSA + 38 mM Bic). In all cases, pH was previously adjusted to 7.4 and media were
equilibrated at 38.5 ◦C and 5% CO2 for 60 min before use.

Seminal doses were separated from the diluent through centrifugation at 600× g
and 17 ◦C for 10 min, washed with PBS, and resuspended with the previously described
media to a final concentration of 2 × 107 sperm/mL. Sperm were then incubated at
38.5 ◦C and 5% CO2 in humidified air and evaluated after 0 min, 120 min and 240 min of
incubation, since 240 min has been reported to be enough time for pig sperm to become
in vitro capacitated [16,30]. After 240 min of incubation, progesterone was added to a final
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concentration of 10 µg/mL to induce acrosome exocytosis [31,32]. In order to evaluate
the response of capacitated sperm to progesterone, especially with regard to acrosome
exocytosis, samples were further incubated under the same conditions and evaluated after
5 min, 30 min and 60 min of progesterone addition. At each relevant time point, separate
aliquots were taken for the assessment of sperm motility, plasma membrane integrity,
membrane lipid disorder, intracellular calcium levels, mitochondrial membrane potential
and O2 consumption. Another aliquot was also taken for protein extraction and analysis. In
this latter case, aliquots were centrifuged at 2400× g and 17 ◦C for 5 min and supernatants
were discarded. Pellets were then stored at −80 ◦C until protein extraction.

2.4. Sperm Motility

Evaluation of sperm motility was performed using a CASA system (Integrated Sperm
Analysis System V1.0; Proiser, Valencia, Spain). Briefly, 5 µL of each sample was placed
onto a Makler counting chamber (Sefi-Medical Instruments). Samples were observed under
a negative phase-contrast microscope (Olympus BX41; Olympus, Hamburg, Germany) at
100× magnification. Three replicates with a minimum of 1000 sperm per replicate were
evaluated before calculating the corresponding mean ± SEM. The recorded sperm motility
parameters were those described in Yeste et al. [33], namely: curvilinear velocity (VCL),
which is the mean path velocity of the sperm head along its actual trajectory (µm/s);
straight-line velocity (VSL), which is the mean path velocity of the sperm head along a
straight line from its first to its last position (µm/s); average path velocity (VAP), which is
the mean velocity of the sperm head along its average trajectory (µm/s); linearity coefficient
(LIN), (VSL/VCL) × 100 (%); straightness coefficient (STR): (VSL/VAP) × 100 (%); wobble
coefficient (WOB): (VAP/VCL) × 100 (%); mean amplitude of lateral head displacement
(ALH), which is the mean value of the extreme side-to-side movement of the sperm head
in each beat cycle (µm); and frequency of head displacement (BCF), which is the frequency
with which the actual sperm trajectory crosses the average path trajectory (Hz). Total
motility was defined as the percentage of sperm showing VAP > 10 µm/s, and progressive
motility as the percentage of sperm exhibiting STR > 45%.

2.5. Flow Cytometry Analyses

Information about flow cytometry analyses is provided according to the recommen-
dations of the International Society for Advancement of Cytometry (ISAC; [34]). Flow
cytometry was used to evaluate plasma membrane integrity, membrane lipid disorder,
acrosome integrity, mitochondrial membrane potential, and intracellular calcium levels
in all samples and time-points. Prior to evaluation, sperm concentration was adjusted to
1 × 106 sperm/mL in a final volume of 0.5 mL [35]. Sperm were then stained with the
appropriate combinations of fluorochromes, following the protocols described below. In
all cases, a minimum of 10,000 events per replicate were evaluated through a Cell Lab
QuantaSC Flow Cytometer (Beckman Coulter, Fullerton, CA, USA). Particles were excited
through an argon ion laser (488 nm) set at a power of 22 mW and cell diameter/volume
was directly measured employing the Coulter principle for volume assessment. The EV
channel was periodically calibrated using 10-µm Flow-Check fluorospheres (Beckman
Coulter) by positioning this size of the bead at channel 200 on the volume scale. To capture
fluorochrome signals, three different optical filters were used: FL1 (green fluorescence)—
Dichroic/Splitter, DRLP: 550 nm, BP filter: 525 nm, detection width 505–545 nm; FL2
(orange fluorescence)—DRLP: 600 nm, BP filter: 575 nm, detection width: 560–590 nm;
FL3 (red fluorescence)—LP filter: 670 nm, detection width: 655–685 nm. Debris (particle
diameter < 7 µm) and aggregates (particle diameter > 12 µm) were excluded from the
analysis by gating out the particles based on EV/side scatter (SSC) plots. In all tests except
SYBR14/PI, data were corrected following the procedure described by Petrunkina et al. [36].
Each assessment per sample and parameter was repeated three times in independent tubes
and the corresponding mean ± SEM was calculated.
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2.5.1. Evaluation of Sperm Membrane Integrity

Plasma membrane integrity was evaluated using the LIVE/DEAD Sperm Viability
Kit (SYBR14/PI) following the protocol set by Garner and Johnson [37]. For this purpose,
sperm samples were incubated with SYBR14 (final concentration: 100 nM) at 38 ◦C in
darkness for 10 min and then with propidium iodide (PI; final concentration: 10 µM) at the
same temperature for 5 min. Three sperm populations were identified in flow-cytometry
dot plots: (i) membrane-intact sperm (green-stained), which were positive for SYBR14 and
negative for PI (SYBR14+/PI−); (ii) non-viable sperm (red-stained), which were negative
for SYBR14 and positive for PI (SYBR14−/PI+); and (iii) non-viable sperm (orange-stained),
which were stained both in green and red (SYBR14+/PI+).

2.5.2. Evaluation of Sperm Membrane Lipid Disorder

Lipid disorder of plasma membrane was determined with Merocyanine 540 (M540)
and YO-PRO-1, following the procedure set by Harrison et al. [38]. Briefly, sperm were
stained with M540 (final concentration: 2.6 µM) and YO-PRO-1 (final concentration: 25 nM)
and incubated at 38 ◦C for 10 min in the dark. A total of four sperm populations were
identified: (i) non-viable sperm with low membrane lipid disorder (M540−/YO-PRO-1+);
(ii) non-viable sperm with high membrane lipid disorder (M540+/YO-PRO-1+); (iii) viable
sperm with low membrane lipid disorder (M540−/YO-PRO-1−); and (iv) viable sperm
with high membrane lipid disorder (M540+/YO-PRO-1−).

2.5.3. Evaluation of Acrosome Integrity

Acrosome integrity was determined through staining with the lectin from Arachis
hypogaea (peanut agglutinin, PNA) conjugated with fluorescein isothiocyanate (FITC) and
ethidium homodimer (3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide; EthD-1),
following the protocol described by Rocco et al. [9]. Samples were incubated with EthD-1
(final concentration: 2.5 µg/mL) at 38 ◦C for 5 min in the dark. Following centrifugation
at 2000× g and 17 ◦C for 30 s, sperm were resuspended with PBS containing 4 mg/mL
BSA. Samples were again centrifuged under the same conditions and subsequently added
to 100 µL of ice-cold methanol (100%) for 30 s. After centrifugation at 2000× g and
17 ◦C for 30 s, samples were resuspended with 250 µL PBS before adding 0.8 µL PNA-
FITC (final concentration: 2.5 µM). Samples were incubated at 25 ◦C for 15 min in the
dark and then centrifuged at 2000× g and 17 ◦C for 30 s. Pellets were resuspended
with 0.6 µL PBS and centrifuged at 2000× g and 17 ◦C for 30 s. This step was repeated
twice. Sperm were evaluated with the flow cytometer and four sperm populations were
identified: (i) viable sperm with an intact acrosome (PNA+/EthD-1−); (ii) viable sperm
with an exocytosed acrosome (PNA−/EthD-1−); (iii) non-viable sperm with an intact
acrosome (PNA+/EthD-1+); and (iv) non-viable sperm with an exocytosed acrosome
(PNA−/EthD-1+). Fluorescence of EthD-1 was detected through FL3, whereas that of PNA
was detected through FL1.

2.5.4. Evaluation of Intracellular Calcium Levels

Intracellular calcium levels were evaluated through two different fluorochromes
(Fluo3 and Rhod5; [7]). For Fluo3, sperm were incubated at 38 ◦C in the dark for 10 min
with Fluo3-AM (final concentration: 1 µM) and PI (final concentration: 12 µM), which
were detected through FL1 and FL3, respectively. Four sperm populations were identified:
(i) viable sperm with low levels of intracellular calcium (Fluo3−/PI−), (ii) viable sperm
with high levels of intracellular calcium (Fluo3+/PI−), (iii) non-viable sperm with low
levels of intracellular calcium (Fluo3−/PI+), and (iv) non-viable sperm with high levels of
intracellular calcium (Fluo3+/PI+). The geometric mean of Fluo3 intensity was recorded
for all sperm populations.

With regard to Rhod5, sperm were incubated at 38 ◦C for 10 min in the dark with
Rhod5-N (final concentration: 5 µM) and YO-PRO-1 (final concentration: 25 nM). Filters
used to detect the fluorescence from Rhod5 and YO-PRO-1 were FL3 and FL1, respectively.
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A total of four sperm populations were identified: (i) viable sperm with low levels of
intracellular calcium (Rhod5−/YO-PRO-1−), (ii) viable sperm with high levels of intracel-
lular calcium (Rhod5+/YO-PRO-1−), (iii) non-viable sperm with low levels of intracellular
calcium (Rhod5−/YO-PRO-1+), and (iv) non-viable sperm with high levels of intracellular
calcium (Rhod5+/YO-PRO-1+). The geometric mean of Rhod5 intensity was recorded for
all sperm populations.

2.5.5. Evaluation of Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) was determined through JC1 (5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) fluorochrome, following
the protocol described by Guthrie and Welch [39]. For this purpose, sperm samples were
incubated with JC1 (final concentration: 0.3 µM) at 38 ◦C in the dark for 30 min, and two
sperm populations were distinguished: (i) sperm with high mitochondrial membrane
potential, and (ii) sperm with low mitochondrial membrane potential. When MMP was
high, JC1 inside mitochondria formed orange aggregates that were detected through FL2.
Ratios between orange (FL2) and green (FL1) fluorescence in the sperm population with
high MMP (JC1agg) were also calculated.

2.6. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS–PAGE)

Sperm pellets stored at −80 ◦C were thawed and resuspended in 400 µL ice-cold
lysis buffer and maintained at 4 ◦C for 30 min under constant agitation. The lysis buffer
was made up of 2% SDS, 1% Triton-X-100, 8 M urea, 2 mM dithiothreitol (DDT), 0.5%
Tween 20 and 50 mM Tris-HCl; the pH was adjusted to 7.4. On the day of use, the lysis
buffer was mixed with 1% commercial protease inhibitor cocktail (Sigma–Aldrich), 1%
phenylmethanesulfonyl fluoride (PMSF), and 0.15% sodium orthovanadate. Following this,
samples were homogenized by sonication (50% amplitude; 10 long-lasting pulses; Bandelin
Sonopuls HD 2070; Bandelin Electronic GmbH and Co., Heinrichstrasse, Berlin), and then
centrifuged at 10,000× g and 4 ◦C for 15 min. Supernatants were carefully collected and
total protein was quantified in triplicate with a detergent-compatible protein assay (DC
Protein Assay; BioRad, Hercules, CA, USA). Standard curves were produced with different
concentrations of BSA (Quick Start Bovine Serum Albumin Standard; Bio-Rad).

For SDS–PAGE separation, 10 µg protein of each sample was diluted with 2× Laemmli
reducing buffer containing 5% (v:v) β-mercaptoethanol (Bio-Rad Laboratories). Samples
were boiled at 90 ◦C for 5 min and then loaded onto 1-mm SDS–PAGE gels, together with a
molecular-weight marker (All Blue Precision Plus Protein Standards; Bio-Rad Laboratories).
The separating gel contained 12% (w:v) acrylamide, whereas the stacking gel contained
5% (w:v) (Bio-Rad Laboratories). Subsequently, gel electrophoresis was run at constant
voltage (80 V for stacking gels and 120 V for separating gels). Proteins were transferred
onto polyvinylidene fluoride membranes (Immobilon-P; Millipore, Darmstadt, Germany)
at 120 mA for 120 min. Thereafter, membranes were incubated with blocking solution,
consisting of 5% BSA (w:v) in TBST at 4 ◦C overnight with agitation.

2.7. Immunoblotting of Tyr-P-GSK3

Membranes were incubated with a primary anti-phospo-GSK3 (Tyr279/Tyr216) anti-
body (Tyr-P-GSK3; clone 5G-2F, 05- 413, Millipore) diluted (1:1000; v:v) in blocking solution
at room temperature and agitation for 60 min. After washing membranes four times
(5 min each) in TBST, they were incubated with a secondary horseradish peroxidase (HRP)-
conjugated anti-mouse antibody (P0260; Dako Denmark A/S, Glostrup, Denmark) diluted
1:5000 (v:v) in blocking solution at room temperature with agitation for 60 min. Membranes
were subsequently washed eight times (5 min each) in TBST.

Reactive bands were visualized with a chemiluminescent substrate (Immobilon West-
ern Chemiluniniscent HRP Substrate; Millipore) and scanned using G:BOX Chemi XL 1.4
(SynGene, Frederick, MT, USA) and GeneSys image acquisition software v1.2.8.0 (SynGene).
Protein bands from scanned images were quantified through Quantity One v4.6.9 software
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package (Bio-Rad Laboratories, Inc.). Protein quantification was expressed as the total
signal intensity inside the boundary of a band measured in pixel intensity units (density,
square millimeter) minus the background signal, considered as 0 (white).

Data were normalized with α-tubulin following the stripping of the same membranes.
In brief, membranes were stripped through two incubations at room temperature under
agitation for 10 min with a stripping buffer containing 0.02 M glycine, 3% (w:v) SDS and
1% (v:v) Tween 20 (pH 2.2) in 100 mL Mili-Q water. Thereafter, membranes were washed
twice in TBS at room temperature for 10 min and twice with TBST for 5 min. Following
this, stripped membranes were incubated with an anti-α-tubulin mouse antibody (anti-
α-tubulin antibody clone DM1A, MABT205; Millipore) diluted 1:5000 (v:v) in blocking
solution at room temperature under agitation for 60 min. After washing with blocking
solution twice (5 min each), membranes were incubated with a HRP-conjugated anti-
mouse antibody (P0260; Dako Denmark A/S) diluted 1:15,000 (v:v) in blocking solution
(v:v) at room temperature under agitation for 60 min. Reactive bands were visualized
and band density calculated as previously described. Relative content of Tyr-P-GSK3α
was normalized, dividing the intensity of Tyr-P-GSK3α by that of α-tubulin. Data were
corrected to a basal arbitrary value of 100 for the control point, which corresponded to the
incubation in the medium containing BSA and 38 mM bicarbonate at 0 min.

2.8. Immunoblotting of DARPP-32 (PKA)

The procedure was similar to that carried out to determine the Tyr-P-GSK3α/α-
tubulin ratio. Thus, after the SDS-PAGE/membrane transference procedure conducted
as described above, membranes were incubated with an anti-phospho-DARPP-32 (Thr75)
primary antibody (Cell Signaling Technology; Leyden; The Netherlands) at 4 ◦C overnight.
The dilution factor was 1:1000 (v:v). After three washes, membranes were incubated
with a horseradish peroxidase (HRP)-conjugated donkey anti-rabbit secondary antibody
(Dako; Glostrup, Denmark) at a dilution of 1:5000 (v:v) in blocking solution for 60 min.
Membranes were washed six times and then revealed using a chemiluminescent HRP
substrate (ImmunoCruz Western Blotting Luminol Reagent; Santa Cruz Biotechnology,
Dallas, TX, USA). Protein quantification was expressed as the total signal intensity inside
the boundary of a band measured in pixel intensity units (density, square millimeter) minus
the background signal, considered as zero (white). Afterwards, the same membranes were
reprobed with a specific total PKAα antibody. For this purpose, membranes were stripped
through two incubations at room temperature under agitation for 10 min with a stripping
buffer containing 0.02 M glycine, 3% (w:v) SDS and 1% (v:v) Tween 20 (pH 2.2) in 100 mL
Mili-Q water. Afterwards, membranes were incubated with the specific anti-PKAα primary
antibody (Cell Signaling Technology; final dilution: 1:1000, v:v) at 4 ◦C overnight. After
three washes, membranes were incubated with a horseradish peroxidase (HRP)-conjugated
donkey anti-rabbit secondary antibody (Dako; Glostrup, Denmark) at a dilution of 1:5000
(v:v) in blocking solution for 60 min. Membranes were washed six times and were then
revealed using a chemiluminescent HRP substrate (ImmunoCruz Western Blotting Luminol
Reagent; Santa Cruz Biotechnology, Dallas, TX, USA). Reactive bands were visualized and
their densities were calculated as previously described. At this point, the DARPP-32/PKA
ratio was calculated by dividing the intensity of DARPP-32 by that of PKA. Data were
corrected to a basal arbitrary value of 100 for the control point, which corresponded to the
incubation in the medium containing BSA and 38 mM bicarbonate at 0 min.

2.9. Determination of O2 Consumption Rate

Determination of O2 consumption rate was carried out through a SensorDish® Reader
(SDR) system (PreSens Gmbh; Regensburg, Germany). Briefly, 1 mL of each sample was
incubated in four separate media (No BSA/No Bic, BSA/No Bic, BSA + 38 mM Bic, and
No BSA + 38 mM Bic) for 0 min or 240 min. Following this, samples were transferred onto
Oxodish® OD24 plates (24 wells/plate) specifically designed for this device. Plates were
sealed with Parafilm®, loaded into the SDR system, and incubated at 38.5 ◦C (controlled
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atmosphere) for 120 min. During that period, O2 concentration was recorded in each well
at a rate of one reading/min. Results were exported to an Excel file and O2 consumption
rate was normalized against the total number of viable sperm per sample, determined
through flow cytometry (SYBR14+/PI− sperm) using another aliquot. For this experiment,
only a single concentration of bicarbonate (38 mM) was used. This was because, from an
operative point of view, the analysis of all bicarbonate concentrations at all incubation
times was not feasible. Thus, the authors decided to focus on the highest concentration
(38 mM) and on the outcomes after 240 min of incubation at 38.5 ◦C and at a 5% CO2
atmosphere, as this is the time needed for pig sperm to achieve the capacitated status.

2.10. Statistical Analyses

Data were analyzed with a statistical package (IBM SPSS for Windows, ver. 25.0;
Armonk, NY, USA) and are shown as mean ± standard error of the mean (SEM). Data
were first checked for normality (Shapiro–Wilk test) and homogeneity of variances (Levene
test). Following this, a linear mixed model (repeated measures) was run with the treatment
as the fixed-effects inter-subject factor and the incubation time as the intra-subjects factor.
Sidak’s post-hoc test was run for pair-wise comparisons. The level of significance was set
at p ≤ 0.05.

3. Results
3.1. Effects of Different Concentrations of Bicarbonate and BSA on Plasma Membrane Integrity

Plasma membrane integrity during in vitro capacitation and after the addition of
progesterone was evaluated through SYBR14/PI, as shown in Figure 1 (mean ± SEM). A
significant (p < 0.05) reduction in the percentages of sperm with an intact plasma membrane
(SYBR14+/PI−) was observed in treatments containing 38 mM of bicarbonate, with or
without BSA, after 120 min of starting the experiment. After 120 min and 240 min of
incubation, all media containing either no bicarbonate or bicarbonate at 5 mM presented
significantly (p < 0.05) higher percentages of sperm with an intact plasma membrane
than treatments containing 15 mM or 38 mM bicarbonate. After 300 min of incubation,
the medium without BSA and without bicarbonate had a significantly (p < 0.05) higher
percentage of sperm with an intact plasma membrane than the other treatments.
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Figure 1. Percentages of sperm with an intact plasma membrane (SYBR14+/PI−) following incubation
with different concentrations of bicarbonate (Bic; 0 mM, 5 mM, 15 mM, 38 mM) and BSA (0, 5 mg/mL)
for 300 min. The black arrow indicates the time at which 10 µg/mL of progesterone was added (i.e.,
240 min) to induce acrosome exocytosis. Different superscripts (a–e) indicate significant differences
(p < 0.05) between treatments within the same time point. Data are shown as mean ± SEM for 12
independent experiments.
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3.2. Effects of Different Concentrations of Bicarbonate and BSA on Membrane Lipid Disorder

The impact of different bicarbonate and BSA concentrations on the lipid disorder
of sperm membrane is shown in Figure 2. Percentages of viable sperm with low lipid
membrane disorder (M540−/YO-PRO-1−; Figure 2a) after 120 min of incubation were
significantly higher (p < 0.05) in the treatments without bicarbonate, either with or without
BSA, than in those containing bicarbonate at 5 mM, 15 mM and 38 mM. Additionally,
percentages of viable sperm with low membrane lipid disorder in the medium without
BSA and with bicarbonate at 38 mM were significantly (p < 0.05) lower than in the other
treatments throughout the entire period of incubation.
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Figure 2. (a) Percentages of viable sperm with low membrane lipid disorder (M540−/YO-PRO-1−), and (b) percentages of
sperm with high membrane lipid disorder considering the viable sperm population only (M540+/viable sperm) following
incubation with different concentrations of bicarbonate (Bic; 0 mM, 5 mM, 15 mM, 38 mM) and BSA (0, 5 mg/mL) for
300 min. The black arrow indicates the time at which 10 µg/mL of progesterone was added (i.e., 240 min) to induce
acrosome exocytosis. Different superscripts (a–e) indicate significant differences (p < 0.05) between treatments within the
same time point. Data are shown as mean ± SEM for 12 independent experiments.

On the other hand, when percentages of sperm with high membrane lipid disorder
(M540+) were calculated considering the viable sperm population only (YO-PRO-1−), the
media containing BSA, with or without bicarbonate, showed significantly (p < 0.05) higher
values of this parameter than those without BSA, from 240 min and until the end of the
incubation period (Figure 2b). Remarkably, treatments containing BSA and bicarbonate at
5 mM, 15 mM or 38 mM showed significantly (p < 0.05) higher percentages of M540+/viable
sperm than those containing BSA and no bicarbonate throughout all the incubation time.

3.3. Effects of Different Concentrations of Bicarbonate and BSA on Acrosome Integrity

As shown in Figure 3a, percentages of viable sperm with an intact acrosome (PNA+/
EthD-1−) in the medium containing BSA and 38 mM were significantly (p < 0.05) lower than
in the other treatments throughout the entire incubation period. In contrast, media without
bicarbonate, either with or without BSA, showed significantly (p < 0.05) higher percentages
of viable sperm with an intact acrosome than the other treatments. In addition, it was
observed that the higher the concentration of bicarbonate, the lower the percentages of
viable sperm with an intact acrosome. With regard to the percentages of viable sperm with
an exocytosed acrosome (PNA−/EthD-1−), the presence of BSA in the media containing
the same concentration of bicarbonate (i.e., 0 mM, 5 mM, 15 mM and 38 mM) led to
significantly (p < 0.05) higher percentages of this sperm population after 240 min, 245 min,
270 min and 300 min of incubation (Supplementary Table S1).
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Figure 3. (a) Percentages of viable sperm with an intact acrosome (PNA+/EthD-1−), and (b) percentages of sperm with
an exocytosed acrosome considering the viable sperm population only (PNA−/viable sperm) following incubation with
different concentrations of bicarbonate (Bic; 0 mM, 5 mM, 15 mM, 38 mM) and BSA (0, 5 mg/mL) for 300 min. The black
arrow indicates the time at which 10 µg/mL of progesterone was added (i.e., 240 min) to induce acrosome exocytosis.
Different superscripts (a–e) indicate significant differences (p<0.05) between treatments within the same time point. Data
are shown as mean ± SEM for 12 independent experiments.

When percentages of sperm with an exocytosed acrosome (PNA−) were calculated
considering the viable sperm population (EthD-1−), no significant differences between
treatments were observed at 0 min and 120 min (Figure 3b). However, treatments containing
BSA, with or without bicarbonate, showed significantly (p < 0.05) higher percentages of
viable sperm with an exocytosed acrosome (PNA−/viable sperm) than treatments without
BSA, right after the addition of progesterone (245 min), and after 270 min and 300 min of
incubation. In addition, percentages of viable sperm with an exocytosed acrosome were
significantly (p < 0.05) higher in the medium with BSA and 38 mM than in that with BSA
but without bicarbonate, from 245 min to 300 min of incubation.

3.4. Effects of Different Concentrations of Bicarbonate and BSA on Intracellular Calcium Levels

Percentages of viable sperm with high intracellular calcium levels (%Fluo3+/PI−

and %Rhod5+/YO-PRO-1− sperm) are shown in Figure 4. Significantly (p < 0.05) higher
percentages of Fluo3+/PI− sperm were observed in the medium containing BSA and
38 mM bicarbonate from 0 min to 300 min of incubation, with maximum values being
observed after 5 min of progesterone addition (i.e., 245 min; Figure 4a). On the other hand,
the medium without BSA and with 5 mM bicarbonate showed the lowest percentage of
Fluo3+/PI− sperm when compared to the other experimental conditions.

In a similar fashion to that observed for Fluo-3/PI staining, percentages of viable
sperm with a positive Rhod5 signal (Rhod5+/YO-PRO-1−) progressively increased when
sperm were incubated in media containing BSA (p < 0.05), especially at 38 mM bicarbonate
(Figure 4b). The addition of progesterone induced a rapid increase in these percentages,
which reached the highest values 5 min after progesterone addition (i.e., 245 min of
incubation). Moreover, the lowest percentages of Rhod5+/YO-PRO-1− sperm from 0 min to
300 min of incubation were observed in the media without BSA, especially when containing
5 mM, 15 mM and 38 mM bicarbonate.
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between treatments within the same time point. Data are shown as mean ± SEM for 12 independent experiments.

3.5. Effects of Different Concentrations of Bicarbonate and BSA on Mitochondrial
Membrane Potential

Incubation of pig spermatozoa with BSA and 38 mM bicarbonate significantly (p < 0.05)
increased the percentage of spermatozoa with high mitochondrial membrane potential
(MMP) from 0 min to 300 min of incubation (Figure 5a). The addition of progesterone after
240 min of incubation induced a rapid increase in this percentage, which was followed by
a decrease at 270 min. On the other hand, while incubation of sperm in a medium without
BSA and without bicarbonate (No BSA/No Bic) prevented the increase in the percentage of
sperm with high MMP from 0 min to 240 min of incubation, the addition of progesterone to
this medium after 240 min of incubation also increased that percentage (Figure 5a). Remark-
ably, percentages of sperm with high MMP did not differ between the medium without
BSA/bicarbonate (No BSA/No Bic) and the medium with BSA and 38 mM bicarbonate
(BSA + 38 mM Bic) after 270 min of incubation. At 300 min, sperm incubated with BSA and
38 mM bicarbonate showed a significantly (p < 0.05) higher percentage of sperm with high
MMP than in the other experimental conditions. Furthermore, the addition of progesterone
to the medium with BSA and 15 mM bicarbonate after 240 min of incubation also showed
an increased percentage of sperm with high MMP. However, the extent of that increase
was significantly (p < 0.05) lower than that observed in the medium containing BSA and
38 mM bicarbonate. Media without BSA showed, in all cases, significantly (p < 0.05) lower
percentages of sperm with high MMP than those containing both BSA and bicarbonate
(Figure 5a).

Figure 5b shows the FL2:FL1 ratio in the sperm population with high MMP. After
240 min of incubation, these ratios were significantly (p < 0.05) higher in the media with
BSA than in those without this protein, especially when exogenous bicarbonate was present.
Following the addition of progesterone, the treatments containing BSA and bicarbonate at
15 mM (BSA + 15 mM Bic) or 38 mM (BSA + 38 mM Bic) showed significantly (p < 0.05)
higher FL2:FL1 ratios than the other media. In spite of this, after 270 min of incubation, the
media containing BSA either with (38 mM) or without bicarbonate, showed significantly
(p < 0.05) higher FL2:FL1 ratios than the media without BSA. At 300 min, no significant
differences between treatments were observed (Figure 5b).
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at which 10 µg/mL of progesterone was added (i.e., 240 min) to induce acrosome exocytosis. Different superscripts (a–d)
indicate significant differences (p < 0.05) between treatments within the same time point. Data are shown as mean ± SEM
for 12 independent experiments.

3.6. Effects of Different Concentrations of Bicarbonate and BSA on Sperm Motility

In all media, total sperm motility decreased throughout incubation time, reaching min-
imal values at the end of the experiment (Figure 6a). In addition, percentages of total motile
spermatozoa incubated in media containing BSA and bicarbonate at either 0 mM or 5 mM
were significantly (p < 0.05) higher than in the other treatments. In contrast, incubation of
spermatozoa in the medium with 38 mM bicarbonate and no BSA (No BSA + 38 mM Bic)
showed the lowest percentage of total motile sperm, with almost complete immobilization
at the end of the experiment (Figure 6a). Furthermore, sperm agglutination was very high
in treatments containing 38 mM, either with or without BSA, from 120 min and 300 min
of incubation.
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Media 0 Min 120 Min 240 Min 245 Min 270 Min 300 Min 
VCL (µm/s) 

No BSA/No Bic 52.5 ± 3.1 a 49.2 ± 2.8 a,b 41.8 ± 2.5 a 36.7 ± 2.1 a 28.1 ± 1.6 a 9.2 ± 0.6 a 
BSA/No Bic 63.4 ± 3.5 b 56.1 ± 2.9 b,c 54.3 ± 3.1 b 51.2 ± 3.3 b 49.5 ± 2.8 b 47.8 ± 3.0 b 

BSA + 5 mM Bic 74.8 ± 3.7 c 62.3 ± 3.5 c,d 56.5 ± 3.1 b 55.1 ± 3.0 b,c52.2 ± 3.2 b,c49.7 ± 2.8 b,c 
No BSA + 5 mM Bic 75.2 ± 4.2 c 44.5 ± 2.8 a 39.7 ± 2.4 a 38.1 ± 2.1 a 35.4 ± 2.3 a 10.3 ± 0.4 a 

BSA + 15 mM Bic 76.2 ± 4.1 c 63.7 ± 3.8 c,d 58.5 ± 3.3 b 57.8 ± 3.1 b,c 54.0 ±3.3 b,c 51.3 ± 2.9 b,c 
No BSA + 15 mM Bic70.8 ± 4.6 b,c 52.3 ± 2.9 a,b 41.2 ± 2.2 a 39.8 ± 2.3 a 32.3 ±1.8 a 8.9 ± 0.4 a 

BSA + 38 mM Bic 75.9 ± 4.3 c 66.3 ± 4.0 d 60.5 ± 3.8 b 62.1 ± 3.5 c 59.3 ±3.4 c 55.6 ± 3.8 c 
No BSA + 38 mM Bic67.4 ± 3.8 b,c 54.2 ± 3.1 b 34.8 ± 2.1 a 32.2 ± 1.9 a 19.1 ±1.1 d 3.0 ± 0.2 c 

VSL (µm/s) 
No BSA/No Bic 25.4 ± 1.6 a 19.2 ± 1.1 a 13.4 ± 0.9 a 10.3 ± 0.6 a 6.7 ± 0.4 a 3.8 ± 0.1 a 

BSA/No Bic 33.8 ± 2.0 a 27.5 ± 1.8 b 25.6 ± 1.5 b 25.1 ± 1.5 b 23.2 ± 1.4 b 20.9 ± 1.3 b 
BSA + 5 mM Bic 32.5 ± 2.1 a 29.8 ± 1.9 b 28.3 ± 1.7 b 26.4 ± 1.4 b 22.3 ± 1.3 b 19.5 ± 1.2 b 

No BSA + 5 mM Bic 30.1 ± 1.8 a 23.2 ± 1.4 a,b 18.4 ± 1.2 a 15.6 ± 0.9 a 9.6 ± 0.5 a 3.2 ± 0.2 a 
BSA + 15 mM Bic 31.4 ± 2.1 a 30.3 ± 1.9 b 26.2 ± 1.7 b 25.8 ± 1.8 b 27.1 ± 1.5 b 22.9 ± 1.3 b 

No BSA + 15 mM Bic 30.5 ± 2.2 a 18.3 ± 1.2 a 17.1 ± 1.0 a 12.8 ± 0.8 a 7.2 ± 0.5 a 1.8 ± 0.1 a 
BSA + 38 mM Bic 33.5 ± 2.1 a 31.8 ± 2.3 b 25.6 ± 1.7 b 23.4 ± 1.4 b 20.2 ± 1.3 b 18.3 ± 1.0 b 

Figure 6. (a) Percentages of total and (b) progressively motile sperm following incubation with different concentrations of
bicarbonate (Bic; 0 mM, 5 mM, 15 mM, 38 mM) and BSA (0, 5 mg/mL) for 300 min. The black arrow indicates the time
at which 10 µg/mL of progesterone was added (i.e., 240 min) to induce acrosome exocytosis. Different superscripts (a–f)
indicate significant differences (p < 0.05) between treatments within the same time point. Data are shown as mean ± SEM
for 12 independent experiments.

Similar results were observed for the percentages for progressively motile spermatozoa
(Figure 6b). Again, the medium with BSA and 5 mM bicarbonate presented the highest
progressive sperm motility, followed by the medium with BSA and without bicarbonate. In
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contrast, the medium containing 38 mM bicarbonate, either with or without BSA, showed
the lowest percentages of progressively motile sperm.

As shown in Table 1, VCL was significantly (p < 0.05) higher in treatments containing
BSA than in those that did not contain this protein after 240 min, 245 min, 270 min and
300 min of incubation. Although the treatment with BSA and the highest concentration
of bicarbonate (i.e., 38 mM) showed the highest VCL after 240 min, 245 min, 270 min
and 300 min of incubation, significant (p < 0.05) differences were only observed when the
medium with BSA and without bicarbonate was compared with that containing BSA and
38 mM bicarbonate. On the other hand, sperm incubated in media with BSA, regardless of
whether or not they contained bicarbonate, showed significantly (p < 0.05) higher VSL and
VAP than those incubated without BSA, from 240 min to 300 min of incubation (Table 1).

Table 1. Curvilinear velocity (VCL), straight-line velocity (VSL) and average path velocity (VAP) of pig sperm following
incubation with different concentrations of bicarbonate (Bic; 0 mM, 5 mM, 15 mM, 38 mM) and BSA (0, 5 mg/mL) for
300 min. Progesterone (10 µg/mL) was added at 240 min to induce acrosome exocytosis. Different superscripts (a–d)
indicate significant differences (p < 0.05) between treatments (rows) within the same time point. Data are shown as mean ±
SEM for 12 independent experiments.

Media 0 Min 120 Min 240 Min 245 Min 270 Min 300 Min

VCL (µm/s)
No BSA/No Bic 52.5 ± 3.1 a 49.2 ± 2.8 a,b 41.8 ± 2.5 a 36.7 ± 2.1 a 28.1 ± 1.6 a 9.2 ± 0.6 a

BSA/No Bic 63.4 ± 3.5 b 56.1 ± 2.9 b,c 54.3 ± 3.1 b 51.2 ± 3.3 b 49.5 ± 2.8 b 47.8 ± 3.0 b

BSA + 5 mM Bic 74.8 ± 3.7 c 62.3 ± 3.5 c,d 56.5 ± 3.1 b 55.1 ± 3.0 b,c 52.2 ± 3.2 b,c 49.7 ± 2.8 b,c

No BSA + 5 mM Bic 75.2 ± 4.2 c 44.5 ± 2.8 a 39.7 ± 2.4 a 38.1 ± 2.1 a 35.4 ± 2.3 a 10.3 ± 0.4 a

BSA + 15 mM Bic 76.2 ± 4.1 c 63.7 ± 3.8 c,d 58.5 ± 3.3 b 57.8 ± 3.1 b,c 54.0 ±3.3 b,c 51.3 ± 2.9 b,c

No BSA + 15 mM Bic 70.8 ± 4.6 b,c 52.3 ± 2.9 a,b 41.2 ± 2.2 a 39.8 ± 2.3 a 32.3 ±1.8 a 8.9 ± 0.4 a

BSA + 38 mM Bic 75.9 ± 4.3 c 66.3 ± 4.0 d 60.5 ± 3.8 b 62.1 ± 3.5 c 59.3 ±3.4 c 55.6 ± 3.8 c

No BSA + 38 mM Bic 67.4 ± 3.8 b,c 54.2 ± 3.1 b 34.8 ± 2.1 a 32.2 ± 1.9 a 19.1 ±1.1 d 3.0 ± 0.2 c

VSL (µm/s)
No BSA/No Bic 25.4 ± 1.6 a 19.2 ± 1.1 a 13.4 ± 0.9 a 10.3 ± 0.6 a 6.7 ± 0.4 a 3.8 ± 0.1 a

BSA/No Bic 33.8 ± 2.0 a 27.5 ± 1.8 b 25.6 ± 1.5 b 25.1 ± 1.5 b 23.2 ± 1.4 b 20.9 ± 1.3 b

BSA + 5 mM Bic 32.5 ± 2.1 a 29.8 ± 1.9 b 28.3 ± 1.7 b 26.4 ± 1.4 b 22.3 ± 1.3 b 19.5 ± 1.2 b

No BSA + 5 mM Bic 30.1 ± 1.8 a 23.2 ± 1.4 a,b 18.4 ± 1.2 a 15.6 ± 0.9 a 9.6 ± 0.5 a 3.2 ± 0.2 a

BSA + 15 mM Bic 31.4 ± 2.1 a 30.3 ± 1.9 b 26.2 ± 1.7 b 25.8 ± 1.8 b 27.1 ± 1.5 b 22.9 ± 1.3 b

No BSA + 15 mM Bic 30.5 ± 2.2 a 18.3 ± 1.2 a 17.1 ± 1.0 a 12.8 ± 0.8 a 7.2 ± 0.5 a 1.8 ± 0.1 a

BSA + 38 mM Bic 33.5 ± 2.1 a 31.8 ± 2.3 b 25.6 ± 1.7 b 23.4 ± 1.4 b 20.2 ± 1.3 b 18.3 ± 1.0 b

No BSA + 38 mM Bic 29.2 ± 2.0 a 26.7 ± 1.8 a,b 15.4 ± 1.1 a 11.3 ± 0.7 a 9.6 ± 0.6 a 1.4 ± 0.1 a

VAP (µm/s)
No BSA/No Bic 40.3 ± 2.5 a 34.8 ± 2.2 a 26.2 ± 1.8 a 27.1 ± 1.7 a 19.2 ± 1.2 a 5.6 ± 0.4 a

BSA/No Bic 42.8 ± 2.8 a,b 41.3 ± 2.7 a,b 38.9 ± 2.5 b,c 40.1 ± 2.8 b 39.5 ± 2.5 b 37.0 ± 2.6 b

BSA + 5 mM Bic 46.1 ± 2.6 a,b 43.5 ± 2.4 b 40.6 ± 2.2 c 48.2 ± 2.7 b 42.5 ± 2.3 b 43.4 ± 2.4 b

No BSA + 5 mM Bic 44.1 ± 2.5 a,b 39.2 ± 2.3 a,b 30.1 ± 2.1 a 21.4 ± 1.3 a 18.5 ± 1.1 a 7.6 ± 0.5 a

BSA + 15 mM Bic 46.7 ± 2.8 a,b 40.1 ± 2.5 a,b 38.4 ± 2.3 b,c 43.2 ± 2.6 b 37.0 ± 2.2 b 38.1 ± 2.0 b

No BSA + 15 mM Bic 42.3 ± 2.6 a,b 38.1 ± 2.4 a,b 32.5 ± 2.2 a,b 23.8 ± 1.5 a 20.7 ± 1.3 a 5.5 ± 0.3 a

BSA + 38 mM Bic 49.5 ± 2.8 b 43.3 ± 2.6 b 42.8 ± 2.6 c 48.7 ± 3.0 b 45.2 ± 2.5 b 35.8 ± 2.2 b

No BSA + 38 mM Bic 44.6 ± 2.4 a,b 40.8 ± 2.3 a,b 29.1 ± 1.8 a 22.4 ± 1.4 a 15.6 ± 1.0 a 2.2 ± 0.2 a

Percentages of LIN were significantly (p < 0.05) lower in the medium without BSA and
without bicarbonate than in those with BSA and/or different concentrations of bicarbonate
after 240 min of incubation. At 270 min and 300 min, percentages of LIN were significantly
(p < 0.05) lower in the treatment containing BSA and 38 mM bicarbonate than in that
containing BSA and no bicarbonate (Table 2). With regard to percentages of STR, media that
did not contain BSA and 0 mM (No BSA/No Bic) or 15 mM bicarbonate (No BSA + 15 mM
Bic) showed significantly (p < 0.05) lower values of this parameter than their counterparts
containing BSA (BSA/No Bic and BSA + 15 mM Bic) after 120 min of incubation. From
240 min to 300 min of incubation, percentages of STR were significantly (p < 0.05) lower
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in the treatment without BSA and without bicarbonate (No BSA/No Bic) than in that
containing BSA and 5 mM bicarbonate (BSA + 5 mM Bic). Finally, percentages of WOB
were significantly (p < 0.05) higher in the medium without BSA and with 5 mM bicarbonate
(No BSA + 5 mM Bic) than in the other treatments after 120 min of incubation. After
245 min and 270 min of incubation, percentages of WOB were significantly (p < 0.05) higher
in sperm incubated with BSA and 5 mM bicarbonate than in those incubated without BSA
and the same concentration of bicarbonate (i.e., BSA + 5 mM Bic vs. No BSA + 5 mM Bic).
At 300 min, while treatments containing BSA and bicarbonate at 5 mM or 15 mM showed
significantly (p < 0.05) higher percentages of WOB than those with no BSA and the same
concentrations of bicarbonate (i.e., BSA + 5 mM Bic vs. No BSA + 5 mM Bic; BSA + 15 mM
Bic vs. No BSA + 15 mM Bic), those observed in the medium containing BSA and 38 mM
bicarbonate were significantly (p < 0.05) lower than in those with no BSA and bicarbonate
at 38 mM (i.e., BSA + 38 mM Bic vs. No BSA + 38 mM Bic).

Table 2. Percentages of linearity (LIN), straightness (STR) and oscillation (WOB) following incubation of pig sperm
with different concentrations of bicarbonate (Bic; 0 mM, 5 mM, 15 mM, 38 mM) and BSA (0, 5 mg/mL) for 300 min.
Progesterone (10 µg/mL) was added at 240 min to induce acrosome exocytosis. Different superscripts (a–e) indicate
significant differences (p < 0.05) between treatments (rows) within the same time point. Data are shown as mean ± SEM for
12 independent experiments.

Media 0 Min 120 Min 240 Min 245 Min 270 Min 300 Min

LIN (%)
No BSA/No Bic 48.4 ± 2.9 a,b 39.0 ± 2.3 a,c 32.1 ± 1.8 a 28.1 ± 1.6 a 23.8 ± 1.4 a 41.3 ± 2.5 a

BSA/No Bic 53.3 ± 3.1 a 49.0 ± 2.8 b 47.1 ± 2.7 b 49.0 ± 2.8 b 46.9 ± 2.7 b 43.7 ± 2.6 a

BSA + 5 mM Bic 43.4 ± 2.5 b 47.8 ± 2.8 a,b 50.1 ± 2.9 b 47.9 ± 2.8 b 42.7 ± 2.4 b,d 39.2 ± 2.3 a,b

No BSA + 5 mM Bic 40.0 ± 2.4 b 52.1 ± 3.0 b 46.3 ± 2.7 b 40.9 ± 2.4 b,c 27.1 ±1.6 a,c 31.1 ± 1.8 b

BSA + 15 mM Bic 41.2 ± 2.3 b 47.6 ± 2.8 a,b 44.8 ± 2.6 b 44.6 ± 2.5 b,c 50.2 ± 2.9 b 44.6 ± 2.6 a

No BSA + 15 mM Bic 43.1 ± 2.5 b 35.0 ± 2.0 c 41.5 ± 2.4 b 32.2 ± 1.9 a 22.3 ± 1.3 a 20.2 ± 1.2 c

BSA + 38 mM Bic 44. 1± 2.6 b 48.0 ± 2.8 a,b 42.3 ± 2.5 b 37.7 ± 2.2 a,c 34.1 ± 2.0 c,d 32.9 ± 1.9 b

No BSA + 38 mM Bic 43.3 ± 2.6 b 49.3 ± 2.9 b 44.3 ± 2.7 b 35.1 ± 2.1 a,c 50.3 ± 3.0 b 46.7 ± 2.8 a

STR (%)
No BSA/No Bic 63.0 ± 3.5 a 55.2 ± 3.2 a,b 51.1 ± 3.0 a 38.0 ± 2.3 a 34.9 ± 2.1 a 67.9 ± 3.6 a

BSA/No Bic 79.0 ± 4.4 b 66.6 ± 3.8 c,d,e 65.8 ± 3.7 b,c 62.6 ± 3.6 b 58.7 ± 3.5 b 56.5 ± 3.2 b,e

BSA + 5 mM Bic 70.5 ± 4.1 a,b 68.5 ± 3.9 c,d,e 69.7 ± 4.0 c 54.8 ± 3.1 b 52.5 ± 3.1 b,c 44.9 ± 2.6 c

No BSA + 5 mM Bic 68.3 ± 3.8 a 59.2 ± 3.4 b,e 61.1 ± 3.5 b,c 72.9 ± 4.1 c 51.9 ± 2.9 b,c 42.1 ± 2.4 c

BSA + 15 mM Bic 67.2 ± 3.8 a 75.6 ± 4.2 c 68.2 ± 3.8 b,c 59.7 ± 3.4 b 73.2 ± 4.1 d 60.1 ± 3.5 a,b,e

No BSA + 15 mM Bic 72.1 ± 4.2 a,b 48.0 ± 2.8 a 52.6 ± 3.1 a 53.8 ± 3.0 b 34.8 ± 2.0 a 32.7 ± 1.9 d

BSA + 38 mM Bic 67.7 ± 3.9 a 73.4 ± 4.1 c,d 59.8 ± 3.4 a,b 48.0 ± 2.8 a,b 44.7 ± 2.6 c 51.1 ± 2.9 b,c

No BSA + 38 mM Bic 65.5 ± 3.8 a 65.4 ± 3.3 b,d,e 52.9 ± 3.0 a 50.4 ± 2.9 a,b 61.5 ± 3.5 b 63.6 ± 3.7 a,e

WOB (%)
No BSA/No Bic 76.8 ± 4.2 a 70.7 ± 4.1 a,b 62.7 ± 3.5 a 73.8 ± 4.3 a 68.3 ± 3.8 a,b 60.9 ± 3.4 a

BSA/No Bic 67.5 ± 3.9 a 73.6 ± 4.1 a 71.6 ± 4.2 a,b 78.3 ± 4.3 a,b 79.8 ± 4.5 d 77.4 ± 4.4 b

BSA + 5 mM Bic 61.6 ± 3.4 b 69.8 ± 3.9 a,b 71.9 ± 4.1 a,b 87.5 ± 4.8 b 81.4 ± 4.7 d 87.3 ± 4.8 c

No BSA + 5 mM Bic 58.6 ± 3.3 b 88.1 ± 4.8 c 75.8 ± 4.2 b,c 56.2 ± 3.1 c 52.3 ± 2.9 c 73.8 ± 4.2 b

BSA + 15 mM Bic 61.3 ± 3.3 b 63.0 ± 3.6 b 65.6 ± 3.7 a,b 74.7 ± 4.2 a 68.5 ± 3.8 a,b 74.3 ± 4.1 b

No BSA + 15 mM Bic 59.7 ± 3.4 b 72.8 ± 4.1 a,b 78.9 ± 4.4 c 59.8 ± 3.4 c 64.1 ± 3.7 a 61.8 ± 3.6 a

BSA + 38 mM Bic 65.2 ± 3.7 a,b 65.3 ± 3.5 b 70.7 ± 4.2 a,b 78.4 ± 4.5 a,b 76.2 ± 4.3 b,d 64.4 ± 3.7 a

No BSA + 38 mM Bic 66.2 ± 3.7 a,b 75.3 ± 4.2 a 83.6 ± 4.7 c 69.6 ± 4.0 a 81.7 ± 4.6 d 73.3 ± 4.1 b

Table 3 shows ALH and BCF of pig sperm incubated with different media. With
regard to ALH, although no significant differences between treatments were observed at
the beginning of the experiment (0 min), those containing BSA and bicarbonate (5 mM,
15 mM or 38 mM) showed significantly (p < 0.05) higher values of this parameter than
those without BSA, and the same concentration of bicarbonate (BSA + 5 mM Bic vs. No
BSA + 5 mM Bic; BSA + 15 mM Bic vs. No BSA + 15 mM Bic; BSA + 38 mM Bic vs. No
BSA + 38 mM Bic) after 120 min of incubation and until the end of the experimental period.
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Finally, sperm incubated with BSA, regardless of the concentration of bicarbonate, showed
significantly (p < 0.05) higher BCF than those incubated without BSA after 245 min, 270 min
and 300 min of incubation.

Table 3. Amplitude of lateral head displacement (ALH) and frequency of head displacement (BCF) following incubation
of pig sperm with different concentrations of bicarbonate (Bic; 0 mM, 5 mM, 15 mM, 38 mM) and BSA (0, 5 mg/mL) for
300 min. Progesterone (10 µg/mL) was added at 240 min to induce acrosome exocytosis. Different superscripts (a–d)
indicate significant differences (p < 0.05) between treatments (rows) within the same time point. Data are shown as mean ±
SEM for 12 independent experiments.

Media 0 Min 120 Min 240 Min 245 Min 270 Min 300 Min

ALH (µm)
No BSA/No Bic 2.5 ± 0.1 a 2.4 ± 0.1 a 2.6 ± 0.1 a 2.1 ± 0.1 a 2.2 ± 0.1 a 1.9 ± 0.1 a

BSA/No Bic 2.7 ± 0.1 a 3.2 ± 0.2 b 3.7 ± 0.2 b 3.9 ± 0.2 b 4.1 ± 0.2 b 3.8 ± 0.2 b

BSA + 5 mM Bic 2.6 ± 0.1 a 3.1 ± 0.2 b 3.9 ± 0.2 b 4.1 ± 0.2 b 4.3 ± 0.2 b 4.2 ± 0.2 b

No BSA + 5 mM Bic 2.3 ± 0.1 a 2.2 ± 0.1 a 2.4 ± 0.1 a 2.3 ± 0.1 a 1.9 ± 0.1 a 1.7 ± 0.1 a

BSA + 15 mM Bic 2.5 ± 0.1 a 3.3 ± 0.2 b 3.4 ± 0.2 b 3.6 ± 0.2 b 4.0 ± 0.2 b 3.9 ± 0.2 b

No BSA + 15 mM Bic 2.2 ± 0.1 a 2.4 ± 0.1 a 2.6 ± 0.1 a 2.5 ± 0.1 a 2.3 ± 0.1 a 2.0 ± 0.1 a

BSA + 38 mM Bic 2.6 ± 0.1 a 3.5 ± 0.2 b 3.7 ± 0.2 b 3.8 ± 0.2 b 3.6 ± 0.2 b 3.5 ± 0.2 b

No BSA + 38 mM Bic 2.1 ± 0.1 a 2.4 ± 0.1 a 2.5 ± 0.1 a 2.3 ± 0.1 a 2.1 ± 0.1 a 1.8 ± 0.1 a

BCF (Hz)
No BSA/No Bic 6.8 ± 0.4 a,b 5.1 ± 0.3 a 4.9 ± 0.3 a 5.2 ± 0.2 a 4.7 ± 0.2 a 3.8 ± 0.2 a

BSA/No Bic 6.5 ± 0.3 a 6.5 ± 0.3 b 7.3 ± 0.4 b 7.1 ± 0.4 b 6.7 ± 0.3 b 6.4 ± 0.3 b

BSA + 5 mM Bic 6.1 ± 0.3 a 6.7 ± 0.3 b,c 7.6 ± 0.4 b 7.2 ± 0.4 b 6.7 ± 0.3 b 6.5 ± 0.3 b

No BSA + 5 mM Bic 6.2 ± 0.3 a 5.9 ± 0.3 a,b 5.5 ± 0.3 a,d 5.3 ± 0.3 a 5.1 ± 0.3 a 4.9 ± 0.2 c

BSA + 15 mM Bic 7.2 ± 0.4 b 7.1 ± 0.4 c,d 6.4 ± 0.3 c 6.9 ± 0.3 b 6.5 ± 0.3 b 6.2 ± 0.3 b

No BSA + 15 mM Bic 6.8 ± 0.4 a,b 6.2 ± 0.3 b,c 5.8 ± 0.3 c,d 5.5 ± 0.3 a 5.4 ± 0.3 a 5.1 ± 0.3 c

BSA + 38 mM Bic 7.4 ± 0.4 b 7.7 ± 0.4 d 7.5 ± 0.4 b 7.2 ± 0.4 b 6.3 ± 0.3 b 6.0 ± 0.3 b

No BSA + 38 mM Bic 7.1 ± 0.4 b 6.4 ± 0.3 b,c 5.9 ± 0.3 c,d 5.6 ± 0.3 a 5.3 ± 0.3 a 5.2 ± 0.3 c

3.7. Effects of Different Concentrations of Bicarbonate and BSA on DARPP-32
Phosphorylation Levels

Figure 7 shows normalized phosphorylated DARPP-32:PKA ratios after 0 min, 240 min,
245 min and 300 min of incubation in media, with or without BSA, and with or without
38 mM bicarbonate. Only these four treatments and time points are shown, since they were
those in which differences were clearer. Sperm incubated in media containing either BSA
alone (BSA/No Bic) or BSA and 38 mM bicarbonate (BSA + 38 mM Bic) showed signifi-
cantly (p < 0.05) higher phosphorylated DARPP-32:PKA ratios than the other treatments
after 0 min, 240 min and 245 min of incubation (Figure 7a). Remarkably, sperm incubated
in the medium containing 38 mM bicarbonate but no BSA (No BSA + 38 mM Bic) showed
similar phosphorylated DARPP-32:PKA ratios to those incubated in a medium without
BSA and without bicarbonate (No BSA/No Bic) after 0 min and 240 min of incubation.
At 300 min, the medium without BSA and with 38 mM bicarbonate (No BSA + 38 mM
Bic) showed a significantly (p < 0.05) lower phosphorylated DARPP-32:PKA ratio than the
other treatments.
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3.8. Effects of Different Concentrations of Bicarbonate and BSA on Tyrosine Phosphorylation
Levels of GSK3α

Figure 8 shows phosphorylated GSK3α:α-tubulin ratios after 0 min, 240 min, 245 min
and 300 min of incubation in media, with or without BSA, and with or without 38 mM
bicarbonate. In a similar fashion to the case of phosphorylated DARPP-32:PKA ratios, only
these four treatments and time points are shown, as they were those in which differences
were clearer. Incubation of sperm in media containing BSA and/or 38 mM bicarbonate
(i.e., BSA/No Bic, BSA + 38 mM, and No BSA + 38 mM) showed significantly (p < 0.05)
higher phosphorylated GSK3α:α-tubulin ratios after 0 min and 240 min of incubation.
At 245 min, sperm incubated in a medium with BSA and 38 mM bicarbonate presented
significantly (p < 0.05) higher phosphorylated GSK3α:α-tubulin ratios than the other three
treatments, and those incubated in a medium with BSA and without bicarbonate exhibited
significantly (p < 0.05) higher phosphorylated GSK3α:α-tubulin ratios than those incubated
in media without BSA (No BSA/No Bic, No BSA + 38 mM Bic). At 300 min, phospho-
rylated GSK3α:α-tubulin ratios in sperm incubated in media containing BSA, with or
without bicarbonate, were significantly (p < 0.05) higher than in those incubated in media
without BSA.
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3.9. Effects of Bicarbonate and BSA on O2 Consumption Rate

Figure 9 shows the O2 consumption rate in pig sperm incubated in media containing
BSA and/or 38 mM bicarbonate (i.e., No BSA/No Bic, BSA/No Bic, BSA + 38 mM Bic, and
No BSA + 38 mM Bic).
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Figure 9. O2 consumption rate of pig sperm in the presence of different concentrations of bicarbonate
(Bic; 0 mM, 38 mM) and BSA (0, 5 mg/mL) at 0 min and 240 min. Different superscripts (a,b) indicate
significant differences (p < 0.05) between treatments within the same time point. Results are shown
as mean ± SEM for 12 independent experiments.

At 0 min, the O2 consumption rate in sperm diluted in the medium without BSA and
bicarbonate (No BSA/No Bic) was low (0.90 ± 0.18 µmoL/h × 106 viable sperm). These
ratios did not significantly increase after 240 min of incubation. Similar results were ob-
served in the treatment containing 38 mM bicarbonate and no BSA (No BSA + 38 mM Bic).
In contrast, sperm incubated in the presence of BSA, either with or without bicarbon-
ate, showed significantly (p < 0.05) higher O2 consumption rates than those incubated
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without BSA, at both 0 min (2.06 ± 0.32 µmoL/h × 106 viable sperm) and 240 min
(2.77 ± 0.40 µmoL/h × 106 viable sperm).

4. Discussion

Our findings clearly indicate that the presence of BSA is essential for pig sperm to
elicit in vitro capacitation. Moreover, bicarbonate is not essential to launch the in vitro
capacitation process, but it modulates its efficiency. Therefore, the current work supports
that in vitro capacitation of pig sperm can be achieved in a medium without bicarbonate,
but not without BSA, although the efficiency of the process is not optimal in the absence
of the former. This conclusion is not only reached from the changes in sperm function
parameters related to capacitation, such as membrane lipid disorder, acrosome exocytosis
and intracellular calcium levels, but also from the increase observed in phosphorylation
levels of Tyr-GSK3α and DARPP-32. In fact, previous works already demonstrated that
in vitro capacitation in pig sperm can be efficiently achieved in a medium with BSA but
without bicarbonate [7,29,30,32,40]. In this context, it is worth noting that these observa-
tions are somewhat different from those observed in other mammalian species, in which
bicarbonate is considered to be an essential component to elicit sperm capacitation [41].
These discrepancies do highlight the existence of species-specific mechanisms that are
regulating the achievement of sperm capacitation in vitro. In relation, while different
studies were conducted to induce in vitro capacitation in pig sperm, no consensus was
reached on what the best medium is. For instance, high concentrations of bicarbonate
(i.e., 37.6 mM) in in vitro capacitation media induce strong agglutination in pig sperm [9],
thereby greatly impairing their recovery. While high concentrations of bicarbonate also
induce sperm agglutination in sheep [42] and horses [43], their impact is not so apparent in
hamsters [41] and cattle [44]. In addition, experimental conditions also differ between stud-
ies evaluating the response of pig sperm to in vitro capacitation. In effect, whereas some
studies, including the present one, incubated sperm cells for 240 min prior to adding pro-
gesterone [45–47], other authors used shorter incubation periods (60 min [22], 120 min [28],
and 180 min [48,49]). The fact that the optimal concentration of bicarbonate in the in vitro
capacitation medium of mammalian sperm differs between species should not be consid-
ered as exceptional, since, for example, other components such as heparin are required
for bovine, but not for porcine sperm [44]. Therefore, although the general mechanism
of mammalian sperm capacitation is known [5], it seems that species differ in particular
events triggered by definite components.

Focusing on the addition of bicarbonate to capacitation medium, the results of our
work have elucidated some interesting aspects. With regard to membrane integrity and
lipid disorder, capacitating media containing high concentrations of bicarbonate (15 mM
and 38 mM) led to the lowest percentages of membrane-intact sperm and the highest
percentages of viable sperm with high membrane lipid disorder. This was expected, since
bicarbonate is known to be an important regulator of phospholipid scrambling, thereby
affecting membrane fluidity [50]. In effect, high intracellular levels of bicarbonate induce
plasma membrane asymmetry, which activates scramblase enzymes that translocate mem-
brane phospholipids, such as phosphatidylserine and phosphatidylethanolamine, thereby
reducing membrane stability and making cholesterol available to external receptors [50,51].
Cholesterol can then be removed by BSA, which leads to the rapid collapse of membrane
asymmetry [5,12,52]. Based on our data, the addition of bicarbonate to capacitation medium
does accelerate the increase in the percentage of sperm with high membrane lipid disorder,
which takes more time when sperm are incubated without bicarbonate in an atmosphere
of 5% CO2. The fact that pig sperm do not require exogenous bicarbonate to elicit in vitro
capacitation can be related to their specific membrane structure. It is well known that the
proportion of unsaturated:saturated fatty acids in pig sperm membrane is higher, and that
of cholesterol:phospholipid lower, than in other species, such as the human, horse and
cattle [53–56]. In this way, it is likely that the specific composition of pig sperm plasma
membrane makes these cells more prone to increase their membrane lipid disorder in the
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presence of BSA under a 5% CO2 atmosphere, which would be sufficient to induce these
capacitation-related changes. A concentration of bicarbonate as low as 2 mM has also been
reported by other authors to induce in vitro capacitation in pig sperm [45].

The aforementioned changes in sperm plasma membrane appeared to be linked with
the results observed in sperm motility. Sperm incubated in in vitro capacitation media con-
taining BSA and either 5 mM or 15 mM bicarbonate showed higher total and progressive
motility, and VCL, VSL and VAP. In addition, our sperm motility data agreed with the
significant changes observed in the sperm population with high MMP, matching with pre-
vious works reporting a significant correlation between MMP and sperm motility [57–59].
It is well known that mitochondrial activity increases during in vitro capacitation [60];
this activity further raises after the induction of acrosome exocytosis, which is likely to
be related to the increase in the rate of mitochondrial oxidative phosphorylation [7]. In
addition, we observed a mitochondria-stored calcium peak, indicated by Fluo3-staining,
immediately after the induction of acrosome exocytosis with progesterone. In this context,
it is worth bearing in mind the close relationship between sperm calcium metabolism
and mitochondrial function. Calcium is a key regulator for sperm hyperactivation in the
mouse [61], which is an essential step in the achievement of sperm capacitation. This motile
pattern is characterized by an asymmetrical and wide amplitude flagellar movement [62].
In our conditions, the highest concentration of bicarbonate led to the lowest values of
both total and progressive motility, despite the existence of an acrosome exocytosis-related
calcium peak. These results, combined with the observed changes in the percentages
of both plasma membrane and acrosome integrity, suggest that high concentrations of
bicarbonate cause damage to the sperm cell. Although these detrimental effects seem to
be related to capacitation-linked changes, our results suggest that adding bicarbonate in
the range of 30–40 mM should be avoided if pig sperm are capacitated under a 5% CO2
atmosphere for 240 min.

In this study, we used two different fluorochromes (Fluo3 and Rhod5) that stain
calcium stores of both sperm head and mid-piece [7]. It is well understood that in vitro
capacitation and the subsequent progesterone-induced acrosome exocytosis increase cal-
cium influx through CatSper channels, which is required for sperm to acquire the ability
to fertilize the oocyte [63,64]. In pigs, previous research showed that calcium plays a vital
role during sperm capacitation and acrosome reaction [7,65]. Herein, we observed that the
presence of BSA in the capacitation medium is essential for the calcium peak to occur after
the induction of acrosome exocytosis with progesterone. These data are in agreement with
Espinosa et al. [66], who found that BSA in the medium is responsible for calcium to enter
mouse spermatogenic cells. In addition, the calcium peak was proportional to bicarbonate
concentration, with the highest peaks being observed at 38 mM, followed by 15 mM and
5 mM bicarbonate. These results indicate that the entry of calcium into the sperm is a result
of the joint action of BSA and bicarbonate. As stated previously, removal of cholesterol
from sperm plasma membrane during capacitation is induced by BSA, which leads to the
displacement and rearrangement of phospholipids and increases membrane fluidity [67,68].
Cholesterol efflux triggers a cascade of events, such as the increase of calcium levels via
CatSper channels [69] or the activation, through bicarbonate, of a soluble, non-membrane
bound adenylyl cyclase (sAC) [5,70]. This latter point is important, since activation of sAC
leads to an increase in intracellular cAMP levels, which in turn activate protein kinase
A, a crucial protein for the signaling pathway of mammalian sperm capacitation [17,71].
The fact that low concentrations (5 mM) or even the complete absence of bicarbonate in
in vitro capacitation media also allows pig sperm to increase their intracellular calcium
levels suggests that, under a 5% CO2 atmosphere, the amount of bicarbonate required to
activate sAC does not need to be high.

On the other hand, we also analyzed the activity of PKA through tyrosine phosphoryla-
tion levels of DARPP-32. DARPP-32 is involved in the modulation of the activity of several
capacitation-involved protein kinases and phosphatases [72]. The activity of DARPP-32
is regulated by a complex system of intracellular signaling pathways involving PKA and
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calcium [73,74]. Remarkably, our results showed that the highest phosphorylation levels
of DARPP-32, which indicate its maximal activity, are reached in the media containing
BSA, regardless of the presence of bicarbonate. Conversely, the lowest phosphorylation
levels of DARPP-32 occurred in the medium without BSA and with 38 mM bicarbonate.
These findings match with the results obtained from sperm function parameters, including
membrane lipid disorder and acrosome exocytosis, and support that PKA activation, which
is essential for sperm capacitation, can be achieved without adding bicarbonate to the
capacitation medium. In contrast, BSA must be present, since the lack of that protein in the
medium does not allow DARPP-32 to be phosphorylated.

The results obtained from the analysis of both MMP and O2 consumption rates suggest
that mitochondria are activated at the start of the incubation in capacitation media, but only
if BSA is present. This immediate effect on mitochondria in the presence of BSA takes place
together with the activation of PKA and GSK3α. In this context, it is worth highlighting that
phosphorylation of specific sperm proteins is crucial to reach the capacitated status [14].
In pigs, glycogen synthase kinase-3 (GSK3) is present in sperm cells and is phosphory-
lated at Ser9 and Ser21 in response to the activation of PKA, which completely activates
GSK3 [75,76]. It has been reported that GSK3 activity is involved in the modulation of
sperm motility, acrosome exocytosis and, ultimately, fertilization [75,77,78]. In this way,
the results obtained from both PKA and GSK3α activities highlight how relevant BSA is
for pig sperm to elicit in vitro capacitation and progesterone-induced acrosome exocytosis.
In this respect, the mechanism through which BSA modulates the activities of PKA and
GSK3α has been posited to be related to the activation of a CatSper-modulated extracellular
Ca2+-influx [69,79]. Our results are in agreement with this mechanism, thus highlighting
the relevance of BSA as an effector of capacitation in pig sperm. Furthermore, our data also
suggest that serine as well astyrosine-phosphorylation regulate kinase activity of GSK3α
and GSK3β in mammalian sperm [78,80–83]. Related to the specific role of serine residues,
Rival et al. recently demonstrated that phosphatidylserine in mouse sperm plasmalemma
is progressively exposed on the head region of viable spermatozoa during epididymal mat-
uration [84]. Phosphatidylserine is recognized by specific oocyte membrane receptors, such
as BAI1, CD36, TIM4, and MERTK, and when these phospholipids are masked, fertilization
is inhibited.

Finally, it is worth mentioning that while this work aimed to address the effects
of different concentrations of bicarbonate on the ability of pig sperm to elicit in vitro
capacitation, a constant concentration of BSA was used. That concentration was chosen
based on previous works, in which 5 mg/mL BSA was found to elicit in vitro capacitation
of pig sperm [7,9,29,30]. Therefore, while this work specifically focused on the effects
of bicarbonate, further studies should aim to question how different BSA concentrations
modulate the response of pig sperm to the induction of in vitro capacitation and acrosome
reaction. In addition, further research involving other indicators related to the underlying
molecular mechanism, such as the phosphorylation of other sperm proteins and changes in
intracellular cAMP levels, is likely to help gain new insights into how BSA and bicarbonate
modulate PKA activation at different incubation times. On the other hand, although we did
not find much variation between the pH of the different media throughout incubation (data
not shown), we did not evaluate the potential impact that the different media composition
could have on their osmolality. Hence, further studies investigating the effects of different
BSA concentrations on how pig sperm elicit in vitro capacitation should also take this
matter into consideration.

5. Conclusions

In conclusion, our results indicate that BSA is a crucial factor for pig sperm to elicit
in vitro capacitation. In contrast, while the addition of bicarbonate to the medium is not a
limiting factor to induce capacitation, the presence of high levels of bicarbonate reduces the
time required for sperm to reach that status. In addition, based on all sperm parameters
evaluated and on the phosphorylation levels of DARPP-32 and GSK3α, media containing
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BSA and either no or low levels of bicarbonate are the most suitable for inducing pig sperm
capacitation. In effect, despite some capacitation events taking longer, sperm cells do not
die as fast as the medium containing BSA and 38 mM bicarbonate when evaluated after
300 min of incubation.
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Simple Summary: Approximately 24% of men referred to assisted reproductive technology (ART)
present with idiopathic male infertility. The current standard analysis of human semen does not allow
for an accurate diagnosis of this infertility with unknown etiology. Spermatozoa cellular development
and maturation, as well the acquisition of suitable motility and capacitation, are tightly coordinated
by sperm protein phosphorylation, among other protein post-translational modifications. Extraor-
dinary advances have been achieved in the field of spermatozoa using proteomics methodology in
combination with bioinformatics. The aim of this work is to review, using a proteomic and phospho-
proteomic analysis, the updated knowledge about proteins and phosphoproteins of spermatozoa
that regulate cell processes necessary to achieve a proper fertilization. The phosphorylation of sperm
proteins involved in spermatogenesis, in sperm capacitation, and in the maintenance of correct sperm
motility, and consequently in sperm quality, is focused on in this review. Further investigations of
protein spermatozoa in larger populations combined with other multi-omics technologies would
offer a precise perspective of male fertility and would be especially relevant for those cases involving
repeated failures in ART linked to idiopathic infertility.

Abstract: Infertility affects approximately 15% of couples worldwide of childbearing age, and in many
cases the etiology of male infertility is unknown. The current standard evaluation of semen is insuffi-
cient to establish an accurate diagnosis. Proteomics techniques, such as phosphoproteomics, applied
in this field are a powerful tool to understand the mechanisms that regulate sperm functions such as
motility, which is essential for successful fertilization. Among the post-translational modifications of
sperm proteins, this review summarizes, from a proteomic perspective, the updated knowledge of
protein phosphorylation, in human spermatozoa, as a relevant molecular mechanism involved in the
regulation of sperm physiology. Specifically, the role of sperm protein phosphorylation in motility
and, consequently, in sperm quality is highlighted. Additionally, through the analysis of published
comparative phosphoproteomic studies, some candidate human sperm phosphoproteins associated
with low sperm motility are proposed. Despite the remarkable advances in phosphoproteomics
technologies, the relatively low number of studies performed in human spermatozoa suggests that
phosphoproteomics has not been applied to its full potential in studying male infertility yet. There-
fore, further studies will improve the application of this procedure and overcome the limitations,
increasing the understanding of regulatory mechanisms underlying protein phosphorylation in
sperm motility and, consequently, in male fertility.

Keywords: human spermatozoa; sperm proteins; PTM; phosphorylation; phosphoproteomics; sperm
motility; male infertility

1. Introduction

Our understanding of sperm physiology remains relatively superficial despite the
large number of manuscripts focused on spermatozoa [1]. Indeed, a global estimation
calculates that 1 in 15 men of reproductive age are infertile, and the diagnosis of idiopathic
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male infertility, for which the cause is unknown, is a reality for 24% of men referred to
assisted reproductive technology (ART) [2]. To date, basic semen analysis, or seminogram,
is the best predictive test used routinely in laboratories for the assessment of male partner
fertility, where it is analyzed if the semen samples meet the macroscopic (volume, pH,
color, and viscosity) and microscopic characteristics (sperm concentration, total motility,
progressive motility, and sperm morphology) established by the World Health Organization
(WHO), which published a set of guidelines for evaluating semen quality 40 years ago. The
last update, in 2010, includes the current reference parameters to make the first prognosis
of male infertility [3].

Nevertheless, the seminogram is not the most suitable analysis to obtain an accurate
diagnosis because semen parameters within the reference interval do not guarantee fertility,
nor do values outside those limits necessarily imply male infertility or pathology [4].
Several studies have shown that men with sperm parameters (sperm number, morphology,
and motility) below the thresholds outlined by the WHO can be fertile [5–8]. Additionally,
in the same way, there are cases of men with normal sperm parameters that are infertile [9].
Therefore, more in-depth analysis and understanding of spermatozoa physiology at the
molecular level are necessary to improve the current evaluation of male fertility by the
routine semen analysis.

Fertilization might be considered the endpoint of sperm function. To get it successfully,
spermatozoon, a highly specialized haploid cell that contains exceptionally condensed
chromatin and will deliver the paternal DNA to the oocyte, must be completely functional.
For that, spermatozoa undergo a series of physiological and biochemical changes from
their developmental stages and during their transit through the male first and female
reproductive tract later, which occur apparently in the complete absence of simultaneous
gene transcription and protein translation. Although several coding and non-coding RNAs
exist in human spermatozoa [10], which may play a role in gene silencing or heterochroma-
tinization, their transcriptional and translational activities are nearly silent. Thus, sperm
proteins of mature spermatozoa might undergo different post-translational modifications
(PTM), such as phosphorylation or acetylation among, and become very important molec-
ular mechanisms by which spermatozoa acquire functionality [11]. For this reason, the
alteration of sperm status (for example, by errors in spermatogenesis or maturation) may be
accompanied by a distinctive pattern of PTMs, characteristic of spermatozoa, in particular
with low quality or motility and, therefore, low male reproductive prognostic.

In this regard, it is necessary to focus our attention on sperm motile capacity, and
the abnormal content or presence of PTMs, such as the reduced abundance of lysine
glutarylation in several proteins located in the tail of human spermatozoa, just as a dimin-
ished quantity of S-sulfhydrated H3 and H3.3 histones positively correlate with sperm
progressive motility [12,13]; conversely the level of SUMO1-positive spermatozoa and the
quantity of lysine 2-hydroxyisobutyrylation in sperm proteins trend towards higher grades
in asthenozoospermic men compared with normozoospermic ones, indicating a negative
association with the motility of human spermatozoa in this case [14,15]. Additionally, lysine
acetylation seems to be essential for human sperm motility and fertilization [16].

The most extensively studied PTM in human spermatozoa is phosphorylation [17].
The phosphorylation of specific sperm proteins plays an important role in regulating sperm
processes essential for fertilization, such as sperm motility, capacitation, or acrosome reac-
tions [18–20]. Extraordinary advances have been achieved in the field of male infertility
in recent decades, especially with the use of proteomics techniques and the bioinformatic
analysis of human sperm proteomic data. However, there are many well-recognized
causes of male infertility in humans whose molecular basis is only just beginning to be
understood. The study of the global protein phosphorylation landscape of spermatozoa
in different species proposes wide phosphoregulation in other processes such as sperm
formation [21,22], maturation [23], capacitation [24–28], and motility [18,29–32]. Never-
theless, it remains to be fully explained which are ultimately the molecular mechanisms
responsible for spermatozoa motility and, therefore, for sperm quality. Advances in global
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and quantitative methods to elucidate dynamic phosphorylation events in spermatozoa
will be essential for a systematic understanding of their functional behavior. They will
allow for a more comprehensive analysis of the biochemical basis of defective semen qual-
ity and identify possible biomarkers for different pathologies and conditions related to
infertility. A few studies applying quantitative mass spectrometry (MS)-based proteomics
have proposed some molecular mechanisms through which protein phosphorylation might
affect sperm motility in humans [18,29–31].

From a proteomic perspective, this review summarizes the current knowledge of
protein phosphorylation in human spermatozoa as a molecular mechanism responsible for
the regulation of spermatozoa motility, and subsequently of sperm quality.

2. Proteomics and Sperm Physiology

According to the recent data, the proteomic approach is a powerful tool to identify
human sperm proteins as biomarkers of fertility [33]. For example, a recent seminal plasma
proteomic-based study proposes the HSPA2 protein, a molecular chaperone mediating
protein folding, as a possible biomarker of spermatogenesis status. Azoospermic men (who
have a complete absence of spermatozoa in their ejaculate) lack HSPA2, which is present as
additional protein isoforms in cryptozoospermia (<0.1 million spermatozoa mL−1) [34]. In
addition, a study comparing high- and low-quality sperm nuclear extracts by proteomic
analysis recently showed that the presence of Topoisomerase 2A in the human spermatozoa
head is highly correlated to poor head morphology. So, Topoisomerase 2A, a protein
normally involved in the alteration of DNA topology, may also be considered a potential
biomarker to confirm male infertility in clinical practice [35]. The first study that exam-
ined the potential variability of the proteome in different semen samples and proposed
proteomics as a useful tool for studying defects in sperm function was published almost
2 decades ago by Pixton and collaborators [36]. Since then, many proteomics studies have
performed a comparative proteomics analysis between sperm cells from infertile patients
and healthy donors [37–46].

On the other hand, sperm motility is essential for successful fertilization, so low
sperm motility is highly associated with male infertility [47,48]. In fact, this defect has
been the subject of research for years because it is frequently observed in andrology
laboratories. In this sense, a retrospective study based on a large population reveals
that about 82% of infertile men had impaired sperm motility [48]. Asthenozoospermia (AS),
characterized by normal concentrations of spermatozoa (>15 million spermatozoa mL−1)
and sperm progressive motility <32% [3], is one of the major causes of male infertility, which
approximately accounts for 20% of infertility among men. The etiology of AS is varied
and can be seen as a unique condition in isolated disease, associated with other sperm
anomalies or as part of a syndromic association. In some cases, routine clinical examinations
do not find clear causes, leading to so-called idiopathic asthenozoospermia [41]. Although
the lower expression of several proteins might cause spermatozoa with poor motility,
the molecular basis of AS is difficult to establish. Nonetheless, proteomic studies on
asthenozoospermic individuals have increased in recent years, promoting the idea that the
number of identified proteins related to sperm motility is rising [43].

For instance, in four different proteome analyses comparing sperm samples from
asthenozoospermic vs. normozoospermic men, the altered expression of the HSPA2 pro-
tein was found. Interestingly, increased expression was observed in two studies [38,42],
whereas HSPA2 expression decreased in the other two works [39,43]. Other chaperones
HSPs (HSPA5, HSPA9, and HSPA1L) were also found downregulated in asthenozoospermic
men [41,43]. Additionally, in a recent study comparing proteomes of high or low-motility
human spermatozoa, HSPA1L and HSPA9 were also significantly decreased in low-motility
spermatozoa [49]. Conversely, in other comparative sperm proteomics studies, the expres-
sion level of chaperones did not indicate significant differences [37,44–46]. It has to be
mentioned that the lack of agreement or the opposite expression differences between the
studies published may be due to several factors such as different quantitative technologies,
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different sample sources, low sample size, or even ethnic differences, among others. HSPs
have a potential relationship with sperm quality, and they are important in normal sperm
physiology [50], spermatogenesis, and sperm maturation [51–53], although the association
between their altered expression and impaired motility is not yet fully understood. It is
established that the role of the HSPs is to ensure the correct folding of proteins, their re-
folding of misfolded protein, and the orientation control of tagged proteins for subsequent
degradation [54]. Thus, reduced HSPs expression might be associated with a decrease in
sperm motility due to the accumulation of misfolded protein [55].

In addition, a higher level of triosephosphate isomerase (TPI), an extremely efficient
metabolic enzyme in glycolysis and gluconeogenesis, is also associated with a reduced
sperm motility phenotype [37,39,42]. Other proteins responsible for energy metabolism
that could play an important role in spermatozoa motility maintenance are COX proteins
(COX5B, COX6B, COX20, and COX41), which are involved in the oxidative phosphorylation
(OXPHOS) pathway and showed lower levels in AS [38,42,43,45,46]. In conclusion, these
are some examples that highlight the importance of glycolysis and OXPHOS as major
metabolic pathways that provide energy to support human sperm motility.

Moreover, a reduction in sperm motility may be affected by other proteins, such as
SEMG1 and SEMG2, which work as seminal plasma motility inhibitor proteins and are
found up-regulated in asthenozoospermic men [37,38,46]. Another group of proteins with
altered expression in spermatozoa with impaired motility involves different subunits of
the proteasome such as PSMA3, PSMB3, PSMB4, PSMB5, PSMB6, PSMC2, PSMC6, and
PSMD11 [37–39,42,45,49]. The proteasome plays a key role in the formation of condensed
spermatozoa because it mediates the protein turnover of ubiquitinated proteins during
spermatogenesis, when many proteins and organelles are degraded [55]. So, defects in
the proteasome system might lead to the accumulation of ubiquitinated molecules and
be related to sperm motility [39]. It is worth noting that SEMG1 and PSMB5 are also
downregulated in a proteomic study that compares the proteomic profiles of human
sperm samples that had or had not achieved a previous pregnancy via ART [56]. In
addition, low levels of the major cytoskeleton components in spermatozoa flagella such as
tektins (TEK1, TEK4, and TEK5) [39,41,42], outer dense fibers (ODF2) [41,43,49], or tubulin
proteins (TUBB2C, TUBB2B, and TUBA3C) [39,43,49] are also associated with reduced
sperm motility in comparative proteomics studies. On the other hand, altered levels of
another protein that plays a role in the movement and structural organization of cells, such
as CLU, have been found. CLU expression is decreased in some analyses [40,49], whereas
it is increased in others [38,43,46].

Proteomics is also a current methodology used to study variations in sperm proteins
that are altered in some disorders. For example, the SPEF2 protein is widely expressed in
cilia-related organs such as the lung, spleen, trachea, brain, and testis [57], and its encoding
gene is involved in a genetically heterogeneous disorder such as the so-called multiple
morphological abnormalities of the sperm flagella (MMAF) [58]. Moreover, spermiogenesis
failure by a deficiency in SPEF2 causes severe asthenoteratozoospermia, characterized by
reduced sperm motility and abnormal sperm morphology [58]. Recently, an MS-proteomic
analysis of human spermatozoa from three individuals with SPEF2 mutations compared
with normal controls showed that this protein regulates the expression of various proteins
involved in the flagellar assembly with which it interacts [59]. This methodology allows
one to understand the protein networks from the whole sperm proteome, being especially
useful in the study of sperm tail development since sperm flagellum is composed of more
than 1000 proteins in the case of humans [60].

Human sperm cryopreservation plays an important role in assisted reproductive
technology for male fertility preservation and the treatment of infertile couples. In this
regard, proteomics approaches have also been useful to study the pathogenesis of sperm
cryo-damage during the process of cryopreservation, comparing the proteomic differences
between fresh and cryopreserved human sperm [61,62]. Fu’s lab, using MS and a novel
proteomics technology named data-independent acquisition (DIA), identified 174 proteins
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significantly deregulated, including four enzymes involved in glycolysis (GPI, LDHB,
ADH5, and PGAM1) and other proteins related to propanoate, glyoxylate, pyruvate, and
dicarboxylate metabolism and gluconeogenesis [62]. Five years before, another proteomic
analysis had found that 37% of the proteins involved in the metabolism are differentially
expressed between freeze-thawed and fresh sperm samples [61]. So, both studies, although
using different proteomic strategies, conclude that metabolic pathways play an important
role during sperm cryo-preservation. Interestingly, phosphoglycerate mutase proteins,
PGAM1 and PGAM2 [46] and the glucose 6-phosphate isomerase (GPI), evaluated by pro-
teomic approaches, are also found to be significantly decreased in AS [42,46]. Furthermore,
the supplement with the product of GPI, fructose-6-phosphate, significantly promotes
human spermatozoa motility in vitro [46]. So, it can be postulated that during spermatozoa
cryopreservation, when a marked reduction in sperm motility occurs, the supplement with
fructose-6-phosphate could also help to recuperate the rates of spermatozoa motility.

Altogether, there are a set of proteins related to sperm quality in the literature. How-
ever, the internal relationship and the mechanisms underlying abnormal protein expres-
sions and defective sperm function are not clear yet [49].

3. Phosphoproteomics Technique in Male Fertility
3.1. Phosphorylation as Post-Translational Modification of Sperm Proteins

Defects in PTMs have been linked to numerous human diseases and disorders, so the
importance of PTMs in maintaining normal cellular states is essential [63]. Hence, previous
and emerging data indicate that some male reproduction diseases, including the failure of
sperm motility, arise through the deregulation of PTMs in spermatozoa. Despite that, more
than 431 reversible and irreversible PTM mechanisms exist in the cell [64], and we know
that protein phosphorylation affects an estimated one-third of all cellular proteins [65],
with most proteins phosphorylated at one or more sites in a mammalian cell [66]. However,
we know only a small subset of the in vivo phosphorylation sites described. Most studies
have focused on Ser, Thr, and Tyr phosphorylation (canonical phosphorylation), but there
are other amino acid residues that are less common, including His, Lys, Arg, Asp, Glu, and
Cys, that can also be phosphorylated (noncanonical phosphorylation) [67]. This variability
of possibilities further complicates the effort in studying protein phosphorylation, whose
consequences may affect its activation status [68].

Nonetheless, protein phosphorylation is not permanent due to the activity of phos-
phatases [69]. Consequently, the deregulation of kinases and phosphatases pathways is
linked to many diseases, including infertility. So, deciphering the molecular elements that
determine the biochemical balance of phosphorylation/dephosphorylation is essential for
correct reproductive function.

3.2. Phosphoproteomics Technique

Phosphoproteomics is a large-scale analysis that identifies and quantifies the phos-
phorylated proteins in addition to the mapping of the phosphorylation sites in a complex
biological sample using MS [70]. Briefly, an MS-based phosphoproteomics study on the
role of in vivo phosphorylation in sperm physiology starts with isolating sperm cells from
the seminal plasma and other cells coexisting in semen by swim-up procedure, density cen-
trifugation, or different techniques. The purity of the sperm preparation and the removal
of interfering compounds are critical steps in the process because any minor contamination
could result in a false-positive identification [71]. Sperm proteins are then extracted and
protein mixtures are digested with a specific protease, typically trypsin.

Once proteins are extracted, carrying out a phosphopeptides enrichment procedure
before experimental analysis is necessary, given that, for example, almost 30% of all human
proteins may be phosphorylated and that each phosphoprotein may exist as multiple
phospho-isoforms with different relative abundances and stoichiometries [70]. This proce-
dure allows/has its purpose the characterization from low femtomole level phosphorylated
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proteins and the improvement of selectivity by reducing the unspecific binding of non-
phosphorylated peptides [72].

Among the wide selection of methodologies developed for phosphopeptides enrich-
ment, the most extensively used in the study of sperm cells is immobilized metal ion affinity
chromatography (IMAC) [17], which is based upon the affinity that phosphate exhibits
towards immobilized metal ions and forms relatively stable complexes with these. So, the
nature of the chromatographic stationary phase is of extreme importance [73]. Accord-
ingly, titanium dioxide (TiO2) resin has been one of the most widespread methods for
phosphopeptides enrichment from complex biological samples because it has a very high
affinity for phosphopeptides, is extremely tolerant towards most buffers used in biological
experiments, and is optimal for large-scale phosphoproteomics studies [74].

Later, the sperm phosphopeptides are detected using both conventional and advanced
proteomic techniques. Two-dimensional (2D) gel electrophoresis separates sperm pro-
teins based on peptides’ isoelectric focusing properties and molecular weight. A modified
version named difference gel electrophoresis (DIGE) identifies differentially expressed pro-
teins (DEPs) [75]. The analysis of advanced high-throughput techniques such as MALDI-
TOF (matrix-assisted laser desorption/ionization time-of-flight) and LC-MS/MS (liquid
chromatography-tandem mass spectrometry) detect low abundance peptides present in a
sample with low protein concentration. Therefore, they overcome the limitations of conven-
tional proteomics techniques. In addition, advances in chromatography techniques such as
nano HPLC (high-performance liquid chromatography) or UPLC (ultra-performance liquid
chromatography) methods enable the decrease of the internal diameter of the LC column
to analyze low amounts of a sample with none or very low dilution and with increased
sensitivity, which allows for higher sample throughput [73]. Those aspects are fundamental
in phosphoproteomics studies.

In addition, MS offers numerous advantages for studying protein phosphorylation,
enabling its quantitative, sensitive, and site-specific measure [76]. MS-based quantification
strategies rely on light/heavy peptide intensities and can be divided into label-based and
label-free approaches. Label-based quantitation methods utilize stable isotope labels by
chemical, metabolic, or proteolytic labeling strategies. These are incorporated within the
peptides, introducing an expectable mass difference within the two or more experimental
conditions. The quantitation is based on comparing the peak intensity ratio of the labeled
peptide pairs [77]. In contrast, label-free quantitation compares both relative and absolute
protein quantity by utilizing signal intensity and spectral counting of the same peptide [77].
It is also one of the methods of choice in human sperm phosphoproteome studies [27,31]
and has gained more acceptance because it shows the highest proteome coverage and is cost-
efficient without adding additional steps to labeling samples with alternative differential
mass tags [78].

Finally, mass spectral data interpretation is carried out using the different platforms,
databases, and software programs available, which allow for the identification and quan-
tification of the assignments of peptides and proteins that make up the sperm phospho-
proteome. Bioinformatics methods are indispensable for proteomics-based studies and are
helping scientists to interpret the integration of large datasets from proteomics studies [79].
The specific workflow involving the processing of semen samples for sperm phosphopro-
teomics analysis is shown in Figure 1.

Furthermore, phosphoproteomics, in combination with these high-throughput tech-
niques, is one of the most potent techniques nowadays for the global analysis of signaling
networks in defined biological systems [80], such as human spermatozoa [27,31].
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Figure 1. The general workflow of the quantitative phosphoproteomics strategy for human sperma-
tozoa samples analysis from sperm donors. (A) Purified sperm cells from semen samples (sperma-
tozoa isolated from other cells and the seminal plasma). (B) Sperm protein extraction and digestion 
after cellular lysis. (C) Phosphopeptides enrichment and peptide separation. (D) The analysis and 
quantification of peptides. (E) The collection and analysis of sperm phosphoproteome data by bio-
informatics tools. 

Furthermore, phosphoproteomics, in combination with these high-throughput tech-
niques, is one of the most potent techniques nowadays for the global analysis of signaling 
networks in defined biological systems [80], such as human spermatozoa [27,31]. 

4. Phosphoproteomics and Spermatogenesis 
As mentioned before, phosphorylation of sperm proteins is linked with male fertility 

because this PTM is extremely important in all stages of sperm cell development, being 
essential for sperm differentiation, maturation, and function [17]. To date, it is the most 
extensively studied PTM in mammalian spermatozoa, as previously mentioned. Besides, 
spermatozoa are an excellent cell model for proteomic analysis because they are purified 
in large numbers and are reliably and robustly driven into different functional states using 
various incubation media or validated pharmacological manipulations [81]. In fact, in the 
study of male reproduction, there is research identifying phosphoproteins and their phos-
phorylated sites through differential phosphoproteomics analysis of sperm cells from in-
fertile men or under experimental or physiological conditions [18,24,29,31,32]. To include 
a summary of the use of phosphoproteomics studies carried out in human spermatozoa 
to study sperm biological processes, Table 1 is incorporated. 

Table 1. A summary of phosphoproteomics studies in human spermatozoa biological processes. 

Biological Pro-
cess 

Study Type of Samples Sperm Prepa-
ration 

Phosphoproteo-
mic 

Method 
Spermatogenesis Castillo et al. 2019 Testicular tissue  LC-MS/MS 

Sperm motility Chan et al. 2009 
Normozoospermic 
vs. asthenozoosper-

mic spermatozoa 

Percoll frac-
tionation 

2DE-MALDI-
TOF MS 

Figure 1. The general workflow of the quantitative phosphoproteomics strategy for human spermatozoa
samples analysis from sperm donors. (A) Purified sperm cells from semen samples (spermatozoa isolated
from other cells and the seminal plasma). (B) Sperm protein extraction and digestion after cellular
lysis. (C) Phosphopeptides enrichment and peptide separation. (D) The analysis and quantification of
peptides. (E) The collection and analysis of sperm phosphoproteome data by bioinformatics tools.

4. Phosphoproteomics and Spermatogenesis

As mentioned before, phosphorylation of sperm proteins is linked with male fertility
because this PTM is extremely important in all stages of sperm cell development, being
essential for sperm differentiation, maturation, and function [17]. To date, it is the most
extensively studied PTM in mammalian spermatozoa, as previously mentioned. Besides,
spermatozoa are an excellent cell model for proteomic analysis because they are purified in
large numbers and are reliably and robustly driven into different functional states using
various incubation media or validated pharmacological manipulations [81]. In fact, in
the study of male reproduction, there is research identifying phosphoproteins and their
phosphorylated sites through differential phosphoproteomics analysis of sperm cells from
infertile men or under experimental or physiological conditions [18,24,29,31,32]. To include
a summary of the use of phosphoproteomics studies carried out in human spermatozoa to
study sperm biological processes, Table 1 is incorporated.

Table 1. A summary of phosphoproteomics studies in human spermatozoa biological processes.

Biological
Process Study Type of Samples Sperm Preparation Phosphoproteomic

Method

Spermatogenesis Castillo et al. 2019 Testicular tissue LC-MS/MS

Sperm motility Chan et al. 2009 Normozoospermic vs.
asthenozoospermic spermatozoa Percoll fractionation 2DE-MALDI-TOF MS

Parte et al. 2012 Normozoospermic vs.
asthenozoospermic spermatozoa Washing Nano UPLC-MS

Martin-Hidalgo et al.
2020

High-mobility vs. low-mobility
sperm subpopulations

PureSperm
fractionation

Nano HPLC-MS/MS
Triple TOF

Sperm
capacitation Ficarro et al. 2003 Capacitated vs. non-capacitated

spermatozoa Percoll fractionation
2DE-anti-

phosphotyrosine
Immunoblots MS/MS

Wang et al. 2015 Capacitated vs. non-capacitated
spermatozoa Percoll fractionation LC-MS/MS
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Defects in spermatogenesis are the most common factors for male infertility [4]. In this
sense, phosphoproteomics tools are helpful to understand the origin of different causes of in-
fertility because phosphoregulation is highly active during sperm differentiation [21,82,83].
Thanks to the technology for analyzing kinase-substrate relations (KSRs) in coordination
with the exploration of the phosphoproteome, a pattern of consistently high activity for
many kinases has been elucidated during spermatogenesis in mice, including the MAPKs,
CDKs, and especially the POLO-like kinases (PLKs) [83]. In the same way, to decipher the
most relevant signaling pathways during the development of male gametes in the human
testes, Castillo and coworkers performed global phosphoproteomics on human testicular
tissue with full spermatogenesis using a TiO2 method coupled to MS [21]. They identified
2661 proteins, and 174 of them were different phosphorylated kinases covering 32% of
the human kinome, including MAPK1, MAPK3, CDK12, CDK13, and PAK4. Curiously,
unlike in mice, PLKs are not among the most active kinases regulating human spermatoge-
nesis [21]. In the same year, using proteomics and phosphoproteomics analyses of mouse
testes, Wei’s lab suggested that WIP1 phosphatase is involved in maintaining the integrity
of the blood–testicular barrier [84]. Therefore, as this organ is essential for spermatogenesis
to progress correctly, its alteration results in male subfertility or infertility [84]. Besides,
this phosphatase WIP1 seems to be an important regulator of global heterochromatin si-
lencing and is critical in maintaining genome integrity [85], a basic regulatory mechanism
for spermatozoa function. Although there are no studies that associate the role of WIP1
with male fertility in humans, this link has been observed previously in the mouse testis
phosphoproteome [83].

During mammalian spermiogenesis, the last phase of the spermatogenesis, haploid
round spermatids are differentiated into spermatozoa undergoing remarkable morpho-
logical changes, chromatin condensation, the biogenesis of the acrosome, the migration of
mitochondria to the intermediate piece, and flagellum formation. A large-scale phospho-
proteome analysis performed from purified mouse spermatids undergoing spermiogenesis
described 735 testis-specific proteins phosphorylated and expressed at high levels. These
phosphoproteins are implied in histone modifications and chromosome and cilium or-
ganization [22]. Nonetheless, defects at any level of the spermatogenesis, where protein
phosphorylation is essential, would be inevitably associated with fertility impairments
(such as azoospermia, teratozoospermia, oligozoospermia, or asthenozoospermia).

Evidence indicates that correct epididymal sperm maturation also requires protein
phosphorylation and dephosphorylation events in spermatozoa. This epididymal process
takes approximately two weeks in humans [86] and is necessary for generating fertile sper-
matozoa. When the spermatozoa leave the testes, they are immotile, and it is during their
transit and storage through the epididymis when they acquire progressive motility and
functional capacity for their interaction with the oocyte. During epididymal sperm matura-
tion, besides phosphorylation, ubiquitination, a frequent PTM in regulating many sperm
biological processes, is important as it eliminates defective spermatozoa (mostly with de-
fects in morphology) by phagocytosis [87]. Interestingly, more and more scientific evidence
shows that many proteins have different types of PTM simultaneously, which all together
help to regulate protein stability and activity. The imbalance of theses PTMs’ crosstalk may
be highly associated with male infertility; however, there are few studies about multiple
PTMs co-occurring in sperm proteins (except for histones and protamines) [88]. Zhang and
collaborators recently combined the phosphoproteome with the ubiquitylome to study the
physiological mechanisms underlying sperm maturation in epididymal spermatozoa of
buffalo [23]. Since a few years ago, sperm ubiquitination has been a marker of defective
spermatozoon in humans [89]. For these reasons, mistakes in the post-testicular maturation
context will affect male fertility. Based on these strategies, new biomarkers of sperm qual-
ity or semen abnormalities will help establish a precise landscape of PTMs that features
high-quality spermatozoa.
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5. Phosphoproteomics and Sperm Motility

In male reproduction, the use of phosphoproteomics is mainly focused on unrav-
eling the molecular mechanisms underlying the regulation of sperm motility [71]. The
first evidence about the control of sperm motility by processes that include the regulation
of protein phosphorylation was described in dog spermatozoa in 1982 [90]. Later, two
protein kinases, PI3K and AKAP3, were demonstrated to be involved in the phospho-
regulation of human sperm motility [91]. On the other hand, as mentioned before, the
phosphorylation status of a protein depends on the opposing activities of protein kinases
and phosphatases. Accordingly, immotile mammalian spermatozoa contain higher activity
levels of serine/threonine phosphatase 1 isoform gamma 2 (PP1γ2) compared with motile
ones [92]. Moreover, the inhibition of PP1γ2 causes motility initiation in immature sper-
matozoa, whereas it leads to motility stimulation and changes in flagellar beat parameters
in mature spermatozoa [93], indicating that protein phosphatases also regulate flagellar
motility. Nowadays, high-throughput techniques are used to precisely decipher the phos-
phoproteome with functional importance for sperm motility, and the phosphoproteomic
profiles of spermatozoa in different functional states (uncapacitated vs. capacitated; normal
vs. defective, high vs. low-mobility).

Focusing on phosphorylation at tyrosine residues, phosphotyrosine-containing pro-
teins are present in the spermatozoa of different species. For decades, it has been known
that an increase in the protein tyrosine phosphorylation of spermatozoa plays a critical role
in regulating sperm motility [94], especially in those processes related to hyperactivated
motility. Moreover, deficiencies in the tyrosine-phosphorylated proteins of the sperm
tail are associated with AS in human [95]. Later studies have focused on the differential
analysis of the phosphorylation status of human sperm proteins by large-scale phospho-
proteomics techniques in spermatozoa from healthy and asthenozoospermic donors [18,29]
and from two sperm populations with different sperm motility degrees isolated from nor-
mozoospermic healthy donors [31]. Despite the different strategies of phosphoproteomics
used, changes in sperm motility patterns correlate with the differential phosphorylation
of proteins. Using 2D-gel electrophoresis MALDI-TOF/MS, the first study identified 12
proteins exhibiting differential phosphorylation. There was a relatively lower phosphoryla-
tion level in asthenozoospermic spermatozoa for 10 proteins, while in 2 of them, the level
was higher [18]. In the same way, comparing healthy and asthenozoospermic semen, Parte
and collaborators, using IMAC nano UPLC/MS, detected 66 sperm phosphoproteins with
altered expression (39 were up and 27 were hypophosphorylated) in asthenozoospermic
donors [29].

Moreover, a recent study of human spermatozoa using nano HPLC-MS/MS triple
TOF confirms that the sperm proteins phosphorylation level is involved in sperm motility
regulation. In fact, human sperm subpopulations with low and high motility statistically
differ in up to 119 sperm phosphoproteins [31]. The constructed networks by the STRING
database of protein–protein interactions of human spermatozoa from the phosphoproteins
identified by the studies of Chan et al. (2009), Parte et al. (2012), and Martin-Hidalgo
et al. (2020) (Table 1) and mentioned in the following paragraphs are shown in Figure 2.
Combining overlapping data in these studies focused on human sperm motility, the most
differentially expressed phosphoproteins were mainly involved in sperm metabolism. For
example, GSTM3, a protein important in glutathione metabolism and cellular detoxifica-
tion, was hypophosphorylated in asthenozoospermic donors [18,29]. Moreover, Ras-related
proteins such as RAB2A, RAB2B, or RAB4A, which are involved in vesicle trafficking and
ribosomal proteins such as RPLP2, RPL15, or DAP3, involved in the metabolism of proteins,
also showed differential protein phosphorylation [18,29,31]. In addition, those proteins,
related to the degradation processes in the protein ubiquitination pathway, such as the
ubiquitin-protein ligases, UBR4 and HUWE1; polyubiquitin-C; and the ribonucleoprotein
ubiquitin-40S ribosomal proteins S27a and RPS27A, were found to be hyperphosphory-
lated in low-mobility spermatozoa [29,31]. Other phosphoproteins involved in carbohy-
drate metabolism and energy production, such as pro-glucagon, fructose-bisphosphate
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aldolase A (ALDOA), glyceraldehyde-3-phosphate dehydrogenase-S (GAPDHS), mannose-
6-phosphate isomerase (MPI), or the subunit alpha of the pyruvate dehydrogenase E1
component (PDHA1), also showed altered phosphorylation levels between two sperm sub-
populations with very different motility degrees [18,29,31]. Specifically, MPI and PDHA1
were hypophosphorylated in spermatozoa with poor motility patterns [31], while the phos-
phorylation level of pro-glucagon, ALDOA, and GAPDHS was higher [18,29]. Interestingly,
mice sperm lacking GAPDHS show deficient phosphorylation levels of sperm protein
phosphatase 1 (PP1) accompanied by defects in sperm motility and male fertility [96].
However, changes in sperm motility do not correlate with differential PP1 phosphorylation
in these phosphoproteomic studies. Regarding lipids metabolism, phosphoproteins such
as ATP-citrate synthase (ACLY), dihydroxyacetone phosphate acyltransferase (GNPAT),
ethanolamine-phosphate cytidylyltransferase (PCYT2), choline-phosphate cytidylyltrans-
ferase B (PCYT1B), or phospholipid hydroperoxide glutathione peroxidase (GPX4) were
found to be altered according to the motility status of each spermatozoon [29,31]. While the
phosphorylation levels of ACLY, GNPAT, PCYT2, and PCYT1B were increased, GPX4 was
hypophosphorylated in low-mobility spermatozoa. These results highlight the importance
of metabolism in different motility patterns in human spermatozoa. In fact, up to 40% of
human proteins that are hyperphosphorylated in low-mobility spermatozoa are involved
in metabolism [31]. This interesting finding is consistent with the differences observed by
the proteomic approach in the expression levels of sperm proteins between healthy and
asthenozoospermic individuals [45,46].
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assembly of microtubules and consequently in sperm motility. These cytoskeletal proteins 
showed altered phosphorylation levels in AS vs. normal donors and high vs. low-mobility 
human spermatozoa [18,29,31]. In such a way, four of them were hyperphosphorylated 
(TUBB2C, ACTB, CFL1, and CLMN) in spermatozoa with poor motility [29,31]. Further-
more, lower phosphorylation levels are important to regulate flagellum functions in pro-
teins such as components of the fibrous sheath such as AKAP3, AKAP4, or FSIP2, and 
elements of the outer dense fibers, such as ODF1 and ODF3, located in the midpiece and 
principal piece of the tail spermatozoa. All of them are related to sperm motility showing 
hypophosphorylated levels in AS and low-mobility human spermatozoa [29,31]. These 
data agree with the significantly increased phosphorylation of AKAP3 and AKAP4 ob-
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Other matching human phosphoproteins that are also found at altered levels in sper-
matozoa with impaired motility include those associated with flagellum assembly and
motility [18,29,31]. The flagellum, a fundamental structure for spermatozoa motility, re-
quires a specific organization of microtubules. The protein components of the tubulin
superfamily (TUBB2C, TUBA8, or TUBGCP2, among others), together with actin and
acting-binding proteins such as ACTA1, ACTB, CFL1, or CLMN, play an important role
in the assembly of microtubules and consequently in sperm motility. These cytoskeletal
proteins showed altered phosphorylation levels in AS vs. normal donors and high vs.
low-mobility human spermatozoa [18,29,31]. In such a way, four of them were hyperphos-
phorylated (TUBB2C, ACTB, CFL1, and CLMN) in spermatozoa with poor motility [29,31].
Furthermore, lower phosphorylation levels are important to regulate flagellum functions
in proteins such as components of the fibrous sheath such as AKAP3, AKAP4, or FSIP2,
and elements of the outer dense fibers, such as ODF1 and ODF3, located in the midpiece
and principal piece of the tail spermatozoa. All of them are related to sperm motility
showing hypophosphorylated levels in AS and low-mobility human spermatozoa [29,31].
These data agree with the significantly increased phosphorylation of AKAP3 and AKAP4
observed during hyperactivated motility (movement with high amplitude and asymmetric
thrashing of the sperm tail) associated with capacitated human spermatozoa [24,27]. These
two PKA-anchoring proteins, which mediate the PKA activity by localizing this kinase to
specific cellular structures and organelles, are postulated to coordinate sperm capacitation
events, including motility hyperactivation [97].

On the other hand, the proteins of the heat shock family HSP—HSPB1 and HSP90A—
were hyperphosphorylated in low-mobility human spermatozoa [29,31]. These HSP medi-
ate protein folding and signal transduction and prevent protein aggregation predominantly;
their role in human sperm function and male fertility is not clear yet, although a potential
correlation with sperm quality has been described [98].

Other phosphoproteomics techniques to study protein changes associated with sperm
motility were applied during sperm cryopreservation, when a marked reduction in sperm
motility after freezing and thawing occurs. Decreased motility parameters are the most
significant phenotype of cryodamage. Indeed, the cutbacks of human sperm motility
were between 25% and 75% of the total in an evaluation of freeze-thawed sperm samples
relative to that of fresh sperm samples from the same normozoospermic donors [99].
The level of tyrosine phosphorylated proteins in the freeze-thawed group [61], as well
as the number of several kinases required for sperm production and function, such as
testis-specific serine/threonine-protein kinase 6 (TSSK6) [100], was higher than those in
the fresh group. Recently, several phosphoproteomics studies have been performed to
investigate the molecular differences between fresh and cryopreserved (post-thaw) human
spermatozoa. Wang’s lab constructed a quantitative phosphoproteome to investigate
the expression change of phosphorylated sites during sperm cryopreservation [32], and
they identified glycogen synthase kinase 3A, GSK3A, as a key kinase that may play an
important role in regulating human sperm motility. The A isoform of the serine threonine
kinase GSK3 contains at least five phosphorylation sites, including phosphorylation at
Ser21, which inhibits its kinase activity and negatively correlates with human sperm
motility [31,101]. The regulatory role of GSK3A is also required for proper motility in other
mammalian spermatozoa [102–105]. Therefore, low GSK3 activity (more phosphorylated
at Ser21), together with PP1γ2 activity, might be a prerequisite for the optimum function of
mammalian spermatozoa [93].

STRING analysis revealed 23 high-confidence PPI collected from direct (physical) and
indirect (functional) associations between 18 of the 36 phosphoproteins involved in sperm
motility that were mentioned in previous paragraphs. So, 50% of the phosphoproteins
identified by comparative phosphoproteomics studies between human spermatozoa with
different motility levels are associated with one another (Figure 2). Moreover, focusing
on protein functions, up to 56% are involved in sperm metabolism. These studies provide
important information about proteins or their molecular mechanisms associated with male
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infertility, related to low-mobility, overall. However, they did not provide any evidence
on the spermatozoa phosphoproteomics based on the type of infertility. A recent study
combining phosphoproteomics results with functional analysis in human spermatozoa
to analyze the role of G-protein-coupled receptors (GPCRs) in spermatozoa physiology
identified phosphorylation changes in sperm-specific proteins downstream of the kappa-
opioid receptor, which modulates human sperm motility [30].

Despite the revelations of these studies, molecular characteristics associated with the
ability to fertilize the oocyte are still poorly understood in spermatozoa. Up to now, few
candidate phosphoproteins have been associated with AS or low sperm motility. Still, there
are many uncharacterized phosphoproteins and undescribed phosphorylation residues in
spermatozoa. Therefore, functional studies in the future should elucidate their importance
in sperm physiology.

6. Phosphoproteomics and Sperm Capacitation

The other two crucial stages in male fertility are sperm capacitation and acrosomal
reaction, with protein phosphorylation also being crucially involved. Sperm capacitation
to acquire the ability to fertilize occurs during sperm transit through the female repro-
ductive tract for a specific time [106,107]. This process can be achieved in vitro, and its
physical manifestation is hyperactivated motility, a powerful and asymmetric sperm tail
movement [108]. After ejaculation, mammalian spermatozoa move actively, but they must
undergo capacitation to fertilize the ovum. This process requires a sequence of physiologi-
cal and biochemical changes, including increases in tyrosine phosphorylation, mostly in tail
proteins. The first study to identify proteins phosphorylated during human sperm capaci-
tation by a proteomic technique used two-dimensional polyacrylamide gel electrophoresis
(PAGE), anti-phosphotyrosine antibody labeling, and MS/MS [24]. In that study, during
human capacitation, the tyrosine phosphorylation sites of AKAP3 and AKAP4 proteins
were detected, which are the major structural component of sperm fibrous sheath [24].
Later, another quantitative phosphoproteomics analysis comparing uncapacitated vs. ca-
pacitated human spermatozoa supported these results about AKAPs using IMAC-TiO2
(LC)-MS/MS [27]. These mentioned functional assays to study signaling pathways during
human sperm capacitation, where phosphoproteomics analysis was combined with a pre-
diction of cellular kinase-substrate relationships, indicated that the insulin growth factor 1
receptor, IGF1R, is an enriched tyrosine phosphorylation kinase. This receptor interacts
during the capacitation process with the up-regulated phosphorylation sites for AKAP3
or AKAP4 proteins. As a result, the phosphorylation levels of AKAP3 and AKAP4, which
include six and two phosphotyrosine sites, respectively, are significantly increased during
human capacitation [24,27]. This tyrosine phosphorylation pathway mediated by IGF1R is
crucial for human sperm capacitation and hyperactivated motility [27].

7. Outlook

Definitely, phosphorylation, among the PTMs, plays a vital role in regulating sperm
processes that are essential for fertilization. Therefore, all these reviewed data together are
a strong indicator of the contributions of sperm phosphoproteins in the most important
male reproductive functions. So, the end goal of using proteomics technologies in male
reproduction is to generate relevant data to increase the knowledge and the discovery of
noninvasive predictive biomarkers of the prognosis and diagnoses of male infertility.

The precise cause(s) of male infertility remains elusive, although the correlation be-
tween immotile or poorly motile spermatozoa and infertility is scientifically strong. PTMs
by phosphorylation allow eukaryotic cells and spermatozoa to dynamically regulate their
intracellular signal integration and physiological states. Up to now, there have been some
candidate human sperm phosphoproteins associated with AS or low sperm motility, but
many uncharacterized sperm phosphoproteins and undescribed phosphorylation sites
still exist. Nonetheless, providing clarification through functional studies would provide
unprecedented insights into the regulatory tasks of phosphorylation and the molecular
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networks that govern spermatozoa function. The application of global phosphoproteomics
profiling technology in evaluating sperm quality associated with male infertility would al-
low for significant advances to be made in identifying male infertility biomarkers. Therefore,
more studies will improve the application of this procedure and overcome the limitations,
providing data that will contribute to new knowledge and abundant resources for the
screening of these molecular biomarkers in correlation with sperm quality. In addition,
phosphoproteomics has found differences in spermatozoa from a distinct breed of pigs
presenting different sperm qualities [109]. This research, which elucidates the mecha-
nisms of regulation of male reproduction in other mammals, might be extrapolated to
humans. In line with this, future studies of phosphoproteomics in a larger population
could help explain whether the different results observed in some proteomics studies can
be attributed to biological variation in various ethnic groups, as Siva et al. (2010) has
speculated. Hence, further investigations combined with other single-omics fields (such as
genomics, epigenomics, transcriptomics, and metabolomics) or with multi-omics contribu-
tions (proteogenomics, proteotranscriptomics, or reproductomics) are necessary. Findings
from new studies would broaden our understanding of the mechanisms underlying the
role of protein phosphorylation in sperm motility and male fertility. They would offer a
unique perspective for future research into male fertility, especially for repeated failures in
ART linked to unknown infertility causes.
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Simple Summary: Many couples attending infertility clinics still need to repeat treatments and
undergo several failed attempts before achieving a healthy newborn, which leaves room for improve-
ment in the techniques we currently use in the clinic. Among the different procedures susceptible
to improvement, the selection of the most adequate sperm to be injected inside the egg is crucial to
the cycle’s success. Magnetic-activated cell sorting (MACS) is a technique that removes physiologi-
cally abnormal sperm that have started a programmed cell death (apoptotic) process from a semen
sample. However, it is not recommended to all patients because there is no agreement between the
published literature on whether it improves reproductive outcomes. This study used data from all
intracytoplasmic sperm injection cycles performed using the patient’s own oocytes in our clinics from
January 2008 to February 2020. Our findings support that MACS should not be recommended to all
infertile couples, since there was no significant difference in results compared to treatments in which
MACS was not used. This study provides clinicians and patients with more accurate information on
how MACS will impact their chances of pregnancy, and it will lead to studies focused on specific
populations to which the technique can be particularly helpful.

Abstract: The application of MACS non-apoptotic sperm selection in infertility clinics is controversial
since the published literature does not agree on its effect on reproductive outcomes. Therefore, it is
not part of the routine clinical practice. Classical measures of reproductive success (pregnancy or live
birth rates per ovarian stimulation) introduce a bias in the evaluation of a technique’s effect, since
only the best embryo is transferred. This retrospective, multicenter, observational study evaluated the
impact of MACS on reproductive outcomes, measuring results in classical parameters and cumulative
live birth rates (CLBR). Data from ICSI cycles using autologous oocyte in Spanish IVIRMA fertility
clinics from January 2008 to February 2020 were divided into two groups according to their semen
processing: standard practice (reference: 46,807 patients) versus an added MACS sperm selection
(1779 patients). Only when measured as CLBR per embryo transferred and per MII oocyte used was
the difference between groups statistically significant. There were no significant differences between
MACS and reference groups on pregnancy and live birth rates. In conclusion, results suggest that
non-apoptotic sperm selection by MACS on unselected males prior to ICSI with autologous oocytes
has limited clinical impact, showing a subtle increase in CLBR per embryo transferred.

Keywords: MACS; sperm; sperm selection; ICSI; cumulative live birth rate; pregnancy rate
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1. Introduction

Although the scientific literature provides embryologists and andrologists with mor-
phological criteria to select the a priori most appropriate spermatozoon in the lab [1], this
evaluation overlooks the unique molecular and genetic aptitude of each cell. Choosing an
inadequate fertilizing sperm can lead to fertilization failure, incorrect embryo development,
failed implantation, or miscarriage. Hence, sperm selection is crucial to ensure that the
oocyte is correctly fertilized by the most competent [2]. Among the physiological properties
involved in sperm function, apoptosis has been proposed as one of the more detrimen-
tal to spermatozoa’s fertilization potential. An increased presence of apoptotic markers
activated caspase-3, externalized phosphatidylserine, or fragmented spermatic DNA has
been linked to abnormal sperm motility or morphology [3–8], a decrease in fertilization
rate and optimal quality embryos in couples with normozoospermic men [9], a decrease in
fertilization potential, and a reduced ability to trigger acrosome reaction [10]. Therefore,
the separation of sperm with initiated apoptosis is interesting to ensure the selection of the
most physiologically competent sperm.

Magnetic-activated cell sorting (MACS) is a non-destructive cell separation technique
that allows for the retention of apoptotic sperm cells expressing phosphatidylserine in their
external membrane inside the column [5,9,11]. The eluted sample is enriched with non-
apoptotic sperm, ready to be used in assisted reproduction technologies (ART) [12]. Despite
not being performed routinely in the clinic, it is suggested to patients with high spermatic
DNA fragmentation index, more than two unexplained intracytoplasmic sperm injection
(ICSI) failures, and, in certain cases, more than two miscarriages with an unknown female
cause. MACS combined with density gradient centrifugation (DGC) has been associated
with a higher recovery of sperm with progressive motility (68%) when compared to neat
ejaculate (39%), as well as lower DNA fragmentation index (4% MACS-DGC versus 24%
in the reference) [3], and with improving the percentage of sperm with normal morphol-
ogy [13]. In some studies, sperm selection via MACS showed a reduction of spermatic DNA
fragmentation (fDNA) when compared to the neat ejaculate from asthenoteratozoospermic,
teratozoospermic [14], and normozoospermic men [15]. However, one of these studies
reported that the reduction of fDNA was not complete and not significant in all patients,
since it was only substantial when samples had an initial fragmentation index ≥30% (7.1%
after MACS versus 41.4% in the ejaculate) [16]. Another study reported no significant
improvement in sperm morphology, motility, fDNA, or markers of fertilization capac-
ity Izumo-1 and PLC-ζ comparing MACS combined with swim-up or DGC capacitation
against controls [17]. Besides the effect it may have on enhancing sperm parameters, there
is a significant lack of consensus on the extent to which sperm selection by MACS improves
outcomes of standard ART cycles, as highlighted by recent meta-analyses [18,19].

Accordingly, this study aimed to retrospectively evaluate the effect of MACS sperm
processing prior to ICSI in a large sample size to clarify the controversy surrounding its
use. Reproductive success was measured by cumulative live birth rates (CLBR) per embryo
transfer (ET), per embryo replaced, and per metaphase II (MII) oocyte until a live birth
was achieved. By this approach, every embryo was considered a unique opportunity for
pregnancy, providing a more realistic view of the impact of the intervention, eliminating
the biases associated with measuring success in parameters that only contemplate the
contribution of the best embryo in the cohort [20–22].

2. Materials and Methods
2.1. Study Design

This was a retrospective multicentric observational cohort study. Data were included
from ICSI cycles using patients’ autologous semen samples and oocytes, performed at 15
Spanish IVIRMA clinics from January 2008 to February 2020, using semen samples from
unselected males who underwent standard semen preparation (reference group) or an
added sperm selection via MACS (study group).
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2.2. IVF Procedures

Patient semen samples were collected, prepared, and examined as previously re-
ported [23,24]. After this, capacitation via swim up [25] or density gradient centrifuga-
tion [26] was performed. Samples in the reference group were then used for ICSI, according
to routine clinical practice. Samples in the MACS group were added with annexin-V-
coated microbeads, incubated for their binding to apoptotic sperm with externalized
phosphatidylserine, and processed through the column [25,26].

Ovarian stimulation and endometrial preparation were carried out as previously de-
scribed [27]. Once ovarian follicles gained ≥17 mm in diameter, triggering was performed
using recombinant human chorionic gonadotropin (hCG) or a single dose of GnRH agonist.
Oocytes were retrieved 36 h after triggering and were then denudated [28]. After four
hours, ICSI was performed and the resulting embryos were cultured [25], scored [29], and
transferred. Pre-implantation genetic testing for aneuploidies (PGT-A) was performed on
some of the embryos according to standard procedure [30]. Due to the vast time this study
encompassed, ETs were performed either on day 2–3 of development or on day 5–6 at the
blastocyst stage.

2.3. Database

An Excel database was created, containing information on patient and cycle char-
acteristics as well as their outcomes. Prior to statistical analysis, an exploratory analysis
was performed to identify outliers and discrepancies between the database and the ex-
ported data from the informatic platform used in the clinics. Data from 48,586 patients,
62,070 cycles, 389,212 embryos, and 500,260 oocytes were included.

2.4. Outcome Measures

The primary outcomes in this study were CLBR per ET, per embryo replaced (referring
to the total number of embryos transferred to the same patient in consecutive cycles, not
in the same transfer procedure), and per MII oocyte used in consecutive cycles until
abandoning treatment or achieving a live birth. As commented in the introduction, this
measurement was considered a more realistic approach to evaluate the effectiveness of
a treatment or technique on the reproductive outcome. Reproductive success was also
measured according to more classical outcomes: the biochemical pregnancy rate per
ET, understood as the measure for beta hCG in blood serum higher than 10 IU/L at
14–16 days after ICSI, as well as the clinical pregnancy rate, the detection of a positive
beta-hCG test result at 21–23 days after microinjection a week after a positive result in
the biochemical pregnancy test, or confirmation via ultrasound of development of the
fetal pole and heartbeat in weeks 6.5 to 7 of pregnancy. The ongoing pregnancy rate, the
confirmation of the positive result of the clinical pregnancy test via ultrasound at week 12
of development, was also calculated per ET. The live birth rate (LBR) was calculated per
transfer and per started controlled ovarian stimulation cycle, and the clinical miscarriage
rate was expressed per transfer.

2.5. Statistical Analysis

All statistical analyses was performed using R version 4.0.0.

2.5.1. Descriptive Analysis

A descriptive analysis was performed to study the behavior and distribution of
variables referring to the patients’ and cycles’ characteristics and to evaluate the quality of
the data and detect possible anomalies within them. For quantitative variables, the usual
summary statistics where calculated, as well as 95% confidence intervals (95% CI) for the
mean. Categorical variables were expressed as proportions. Means for the quantitative
descriptive variables for both groups were compared by using paired t-tests to identify
possible differences between the reference and the study groups, due to the retrospective
nature of the study. For categorical variables, odds ratios (OR) were obtained and expressed
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with their 95% CI. The Chi-squared test was used to compare proportions. A p-value of
<0.05 was considered statistically significant.

2.5.2. Univariate Analysis

For the outcome rates per transfer and per cycle, Fisher’s exact test was used to
compare both groups. For cumulative rates per transfer, per embryo replaced, and per MII
oocyte consumed, Kaplan–Meier curves were plotted and compared via the Mantel–Cox
test. A p-value of <0.05 was considered statistically significant.

2.5.3. Multivariate Adjusted Analysis

A mixed-effects logistic regression model was developed to evaluate the association of
variables of clinical impact in the main outcome, the ET resulting in a live birth or not. To
correct the coefficient estimates of the fixed effects in the model, the patient identification
number and the clinic in which the transfer was performed were chosen as random
effects. The logistic model for live birth rate per cycle was adjusted for variables that were
statistically significantly different between non-MACS and MACS groups, such as the age
and BMI of the female patient, the presence or absence of male factor infertility determined
by the semen samples’ conformance to the WHO 2010 guidelines for normality, and the
transfer of the embryo at the blastocyst stage (over day 5 of embryo development), as well
as variables considered of clinical relevance to the outcome based on previous experience
of the group, such as the age of the male patient, last recorded endometrial lining, and
whether or not the embryos of that cycle had been analyzed by PGT-A. Moreover, two
separate models were created, dividing cycles into two populations: those who had the
embryos analyzed by PGT-A and those who did not. To confirm the results, and control
for potential confounders in the computation of CLBR, a Cox regression was performed
considering the female patient’s age and BMI.

3. Results
3.1. Descriptive Variables

Summary statistics of the main characteristics of patients in both groups undergoing
cycles that used the patients’ own oocytes are shown in Table 1. Since the same patient could
have ART cycles performed with and without MACS sperm selection, descriptive variables
were expressed per ovarian stimulation cycle. Female patients’ average age in the reference
group (59,443 cycles) was 37.03 years (95% CI 37.00, 37.06) with a BMI of 23.22 (23.18, 23.25)
kg/m2, while patients in the MACS group (2627 cycles) were 36.76 years (36.62, 36.91) and
23.05 (22.88, 23.21) kg/m2 on average. The average age for males was 38.88 (38.83, 38.92)
years in the reference group and 38.77 (38.56, 38.97) years in the MACS group.

Table 1. Summary statistics for the main descriptive variables between the reference (semen samples processed according
to routine clinical practice) and magnetic-activated cell sorting (MACS) groups in cycles using the patients’ autologous
oocytes. The data show the mean and the 95% CI, as well as the p-value obtained using a t-test for the quantitative variables.
For the categorical variables (*), results are expressed in proportions with their corresponding 95% CI and the p-value was
computed using the chi-squared test.

Variable Reference MACS

Patient’s age (years) 37.03 (37.00, 37.06) 36.76 (36.62, 36.91)
Patient’s BMI (kg/m2) 23.22 (23.18, 23.25) 23.05 (22.88, 23.21)

Semen age (years) 38.88 (38.83, 38.92) 38.77 (38.56, 38.97)
Duration of sterility (years) 2.38 (2.36, 2.40) 2.53 (2.46, 2.60)

Number of oocytes retrieved 10.03 (9.97, 10.08) 11.43 (11.16, 11.69)
Number of MII oocytes 8.05 (8.01, 8.10) 9.03 (8.81, 9.26)

Number of available embryos per cycle 5.88 (5.85, 5.92) 6.50 (6.33, 6.68)
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Table 1. Cont.

Variable Reference MACS

Number of viable embryos per cycle 2.37 (2.35, 2.39) 2.35 (2.25, 2.45)
Number of non-viable embryos per cycle 3.52 (3.49, 3.54) 4.16 (4.01, 4.30)

Days of ovarian stimulation (days) 10.66 (10.65, 10.68) 10.77 (10.70, 10.84)
Dose of gonadotropins (IU) 2247.82 (2240, 2256) 2159.57 (2124, 2195)

Estrogen level at day of ovulation induction (pg/mL) 1757.53 (1747, 1768) 1327.38 (1990, 2093)
Progesterone level at day of ovulation induction (ng/mL) 0.56 (0.44, 0.68) 0.76 (0.21, 1.31)

Days of endometrial preparation (days) 16.14 (16.11, 16.16) 16.83 (16.74, 16.93)
Last recorded endometrial lining (mm) 9.55 (9.54, 9.57) 9.53 (9.47, 9.6)
Last recorded estrogen level (pg/mL) 1438.09 (1428, 1448) 1526.18 (1479, 1573)

Last recorded progesterone level (ng/mL) 2.52 (2.09, 2.95) 1.54 (1.01, 2.07)
Male factor (%) * 15.03 (14.75, 15.32) 18.65 (17.16, 20.14)

Transfer over day 5 (%) * 36.74 (36.41, 37.07) 48.62 (47.05, 50.19)

3.2. Main Outcomes: Cumulative Live Birth Rates

There were 49,350 cycles considered for the assessment of cumulative rates and
plotting of survival curves, 47,235 in the reference group and 2115 in the MACS group.

CLBR was first calculated per ET. For the MACS group, this rate was 43.0% (40.5%,
45.4%) for one transfer, 63.6% (60.1%, 66.8%) for two, 80.6% (75.5%, 84.6%) for three, and
88.3% (79.6%, 93.3%) for four, whereas the reference group presented a CLBR of 40.0%
(39.5%, 40.5%), 59.6% (58.9%, 60.4%), 72.3% (71.2%, 73.4%), and 81.6% (80.0%, 83.4%),
respectively. The plotted Kaplan–Meier curves are shown in Figure 1A. The Cox regression
showed a statistically significant positive association between the processing of the semen
sample through MACS (hazard ratio (HR) = 1.11, p = 0.009) and the CLBR per ET, which
was consistent with the result obtained in the univariate analysis.

The CLBR per embryos transferred in the MACS group was 21.5% (19.4%, 23.6%)
for one embryo, 55.5% (52.6%, 58.2%) for two, 65.4% (62.0%, 68.5%) for three, and 83.3%
(78.9%, 86.7%) for four, while the reference group’s CLBR was 15.0% (14.7%, 15.4%), 49.1%
(48.6%, 49.7%), 58.0% (57.3%, 58.7%), and 73.3% (72.5%, 74.1%), respectively. Kaplan–
Meier curves are shown in Figure 1B. The difference between both curves was statistically
significant. Consistent with the results of the univariate analysis, the Cox regression showed
a statistically significant positive association between CLBR per embryo transferred and
the use of MACS in semen processing (HR = 1.26, p < 0.001).
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Figure 1. Cumulative live birth rates (CLBR) resulting from the unadjusted analysis of reproductive outcomes in cycles
using autologous oocytes. (A) CLBR per embryo transfer. (B) CLBR per embryo replaced. (C) CLBR per patient’s own
metaphase II oocytes used.

If computed per MII oocytes used, the reference group showed a CLBR of 13.1%
(12.8%, 13.5%) for five MII, 39.8% (39.2%, 40.4%) for 10, 62.7% (62.0%, 63.4%) for 15,
and 79.55% (78.74%, 80.32%) for 20 MII oocytes, while the MACS group had a CLBR of
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11.0% (9.6%, 12.4%), 36.6% (33.9%, 39.1%), 59.8% (56.3%, 63.0%), and 76.25% (72.33%,
79.62%) for the same number of MII oocytes consumed. The Kaplan–Meier curves shown
in Figure 1C were statistically significantly different. The Cox regression exhibited no
significant relationship between the outcome and sperm selection through MACS.

3.3. Secondary Outcomes: Gestational Outcomes

When computed per ET, the MACS group had a 46.9% (45.2%, 48.7%) biochemical
pregnancy rate, a 39.7% (39.4%, 40.0%) clinical pregnancy rate, and a 32.4% (30.7%, 34.1%)
ongoing pregnancy rate, while the reference group showed 45.4% (45.0%, 45.8%), 38.5%
(38.1%, 38.9%), and 31.8% (31.4%, 32.2%), respectively. None of these differences was
statistically significant.

In terms of LBR, the MACS group showed a 29.3% (27.6%, 31.0%) per ET and a 38.8%
(36.7%, 40.9%) per cycle. The reference group exhibited a 29.2% (28.8%, 29.6%) LBR per ET
and 37.4% (37.0%, 37.8%) per cycle. Neither of the comparisons was statistically significant.

The MACS groups exhibited an 8.2% (7.1%, 9.3%) miscarriage rate per ET, whereas
the reference group had a 7.5% (7.2%, 7.7%). The difference between groups was not
statistically significant.

All gestational outcomes measured per transfer and, in the case of the LBR also per
cycle, are displayed in Table 2.

Table 2. Results from the unadjusted analysis of gestational outcomes in cycles using autologous oocytes. The proportions
for each group and the odds ratio (OR) are displayed with their corresponding 95% CI. The proportions are also shown with
the sample number, either transfers or initiated cycles, for each of the outcome measurements. The p-value was computed
using the Fisher’s exact test.

Per Transfer Reference MACS OR p-Value

Biochemical pregnancy rate (%) 45.42 (45.04, 45.81) 46.94 (45.15, 48.74)
1.06 (0.99, 1.15) 0.1085n = 63,128 n = 2961

Clinical pregnancy rate (%) 38.48 (38.10, 38.86) 39.68 (37.92, 41.44)
1.05 (0.97, 1.13) 0.1956n = 63,128 n = 2961

Ongoing pregnancy rate (%) 31.80 (31.43, 32.16) 32.41 (30.72, 34.11)
1.03 (0.95, 1.11) 0.4904n = 62,807 n = 2931

Live birth rate (%)
29.20 (28.84, 29.56) 29.30 (27.62, 30.99)

1.01 (0.92, 1.09) 0.9154n = 60,503 n = 2802

Clinical miscarriage rate (%) 7.45 (7.22, 7.67) 8.22 (7.11, 9.33)
1.11 (0.95, 1.30) 0.1715n = 52,218 n = 2336

Per Cycle Reference MACS OR p-Value

Live birth rate 1 (%)
37.40 (36.96, 37.84) 38.82 (36.74, 40.89)

1.06 (0.97, 1.16) 0.1907n = 47,235 n = 2115
1 Cycles with all oocytes consumed. Cycles in which the result was not a live birth rate but had still cryopreserved embryos to use in future
transfer were not included.

When including selected clinical variables in the model, the adjusted OR for the
association between the use of MACS and LBR per cycle was 1.02 (0.91, 1.14). The LBR per
cycle in those where the embryos underwent PGT-A analysis showed an adjusted OR of
1.02 (0.84, 1.24), whereas in cycles in which embryos did not undergo PGT-A the adjusted
OR was 1.02 (0.89, 1.17). None of these showed a statistically significant difference in LBR
per cycle between the MACS group and the reference, as shown in Table 3.
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Table 3. Results from the multivariate adjusted analysis, accounting for the relationship between the use of magnetic-
activated cell sorting (MACS) and the live birth rate (LBR) per cycle, once adjusted for the female patient’s age and BMI, the
age of the male patient, the presence or absence of male factor infertility, the last recorded endometrial lining measurement,
the transfer of the embryo at the blastocyst stage, and the fact that the embryos underwent pre-implantation genetic testing
for aneuploidies (PGT-A). This table shows the adjusted odds ratio (OR) with its 95% CI, standard error, and p-value for
each studied population, namely: all patients included in the database, those whose embryos underwent PGT-A and those
who did not.

Population n Adjusted OR Standard Error p-Value

All
59,443 reference cycles

1.018 (0.91, 1.14) 0.059 0.767
2627 MACS cycles

PGT-A
18,710 reference cycles

1.020 (084, 1.24) 0.102 0.846
974 MACS cycles

No PGT-A
40,733 reference cycles

1.017 (0.89, 1.17) 0.070 0.810
1653 MACS cycles

4. Discussion

MACS sperm selection is currently not a part of routine clinical practice in fertility
clinics. It is offered to patients in very particular cases with no standard treatment, such
as men with a high fDNA index or couples with several failed cycles with no apparent
female cause. Patients and clinicians tend to be willing to try diverse add-ons after several
attempts have failed. However, their added costs should not be dismissed if their use is
not justified by a proven increase in possibility to achieve a successful pregnancy [31,32].
Bearing in mind the controversy around the introduction of add-ons into the clinical practice
without proper security and regulatory reviews [33,34], it is of utmost importance that
clinicians are provided with reliable information resulting from carefully designed research,
both prospective (randomized clinical trials or RCTs) and retrospective, making use of
powerful statistical tools, proper designs, and bias control [35], to ensure that patients
receive treatments catered to their needs and situation. This study aimed to determine
whether the use of MACS results in an improvement in reproductive outcomes, measured
as the number of oocytes, embryos, and transfer procedures required to obtain a live
birth. Thus, it evaluated the true clinical impact of the enrichment of semen samples from
unselected males with non-apoptotic sperm.

Concerning CLBR, cycles in the MACS group required a lower number of embryos to
be transferred until a live birth rate was reached compared to the non-MACS group. Despite
the MACS group needing a higher number of MII oocytes than the non-MACS group to
obtain the same result, this difference was around 3.3% when consuming 20 oocytes,
which, clinically, is meaningless for the patients in terms of increasing or lowering their
possibilities to achieve a pregnancy. Results of the Cox regressions were consistent with
the conclusions obtained from the univariate analysis: Even though the Mantel–Cox test
showed a significant difference between Kaplan–Meier curves of the reference and MACS
groups, the small difference observed (a 10.0% increase in CLBR when four embryos were
transferred) was more likely due to covariates such as the female patients’ age and BMI
rather than by the use of MACS during semen sample processing.

The use of MACS offered no improvement in pregnancy or live birth rates per transfer
when compared to the reference group, as observed by the non-statistically significant
differences between both groups of patients and cycles in their outcomes. Covariates such
as the female patient’s age and BMI, the presence of male factor infertility, the last recorded
endometrial lining, the transfer of the embryo after day 5 (at blastocyst stage), and the
assessment of embryo ploidy via PGT-A could be influencing the correlation between the
application of MACS as an added sperm selection step in semen sample preparation and
the live birth rates per cycle. However, the adjusted OR of these associations are very close
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to 1, meaning that the size of the effect of the covariates on the live birth rate per cycle is,
although significant, truly quite low.

The main limitation of this study was the broad reference population: unselected males
in infertile couples. This introduced considerable heterogeneity between patients’ prognosis
and etiologies, both between the two study groups (MACS and non-MACS) and within the
reference group. As shown in Table 1, there was a statistically significant difference in terms
of the proportion of patients labelled as ‘with male factor infertility’, which corresponds
to a number of total count of progressive motile sperm lower than 5 million in the fresh
ejaculate, and between the MACS (18.65%) and non-MACS (15.03%) groups. Even though
the difference in absolute value was quite small, the authors acknowledge that the fact that
MACS sperm selection is recommended in the clinic to patients with higher fDNA, several
previously failed cycles and, overall, a worse prognosis introduce a bias in the comparison
between these and cycles in which semen samples were processed following standard
practice. The general scope that this study aimed to provide will progressively develop into
separate analysis focused on different male and female etiologies and indications of the
patients for undergoing ART, providing more information on the specific patient groups
in which MACS could be more useful. As an example of a retrospective study focused on
a distinct male population (>20% fDNA index) that could benefit from the use of MACS,
Pacheco and colleagues recently reported a decrease in miscarriage rate and an increase in
live birth rate when semen samples were processed via MACS versus the control group in
cycles using autologous oocytes [36].

Incidentally, statistically significant differences between both groups in variables such
as age and BMI were observed. Due to the vastly large amount of similar data that the study
handled, any small difference between the groups would be picked up as significant by
the analysis, also known as overfitting. Clinically, a difference in 0.2 years and 0.24 kg/m2

is not a meaningful disparity between these women. Nevertheless, these variables were
controlled for during the statistical analysis.

Regarding the level of evidence provided by this reproductive study, it is worth notic-
ing that RCT on this topic considered 29 [37], 138 [25], and 18 [38] patients in their MACS
study groups and could not determine statistically significant relationships between the
performance of MACS to the semen samples and their outcome variables (clinical preg-
nancy or miscarriage rates) [19]. In this study, which considered data from 389,212 embryos,
500,260 oocytes, and 62,070 cycles, differences between study groups as slight as a 6.4% in
CLBR for two embryos transferred and 2.1% for five MII oocytes used were detected as
statistically significant. This level of evidence, even if targeting a heterogeneous population,
cannot be understated when drawing conclusions about infertile patients overall.

There is discrepant evidence on the effect of MACS sperm selection on clinical out-
comes. One RCT showed increased pregnancy rates per cycle from 24.2% in the reference
(DGC) group to 54.5% in the MACS-DGC, even though there was no significant improve-
ment of fertilization or implantation rates, in couples with men factor infertility and at least
two of the semen parameters below WHO 2010 normalcy criteria [18,36]. A similar RCT
reported an increase of around 21% in LBR when using MACS compared to standard ICSI
in normozoospermic men [38]. However, both RCTs had methodological issues, mainly
incomplete outcome data or unclear randomization methods [19]. In another example
focused on ICSI outcomes, even though the MACS group showed a 67.7% of good quality
blastocysts while the standard ICSI group exhibited a 44.2%, there were no significant
differences in LBR between groups [39].

Our results agree with the limited clinical impact of the use of MACS reported by
previous studies: no improvement of ongoing pregnancy rates [13] and LBR in the MACS
group in couples with idiopathic infertility using patients’ own semen samples [40], in
unselected males in an ovum donation program [25], or in patients with a high level
of spermatic DNA fragmentation [41], all of them undergoing ICSI. A meta-analysis by
Gil and colleagues suggests that MACS, when compared to standard sperm selection,
offers a slight improvement in pregnancy rates, though this does not translate into higher
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implantation or lower miscarriage rates [18]. The Cochrane database was not able to emit a
clear conclusion on the effectiveness of MACS [19]. This lack of consensus could be due
to differences in patient inclusion and exclusion criteria, the reduced number of patients
recruited and then followed until the end of each cycle and pregnancy, or differences in
semen sample processing techniques in each clinic. This may prevent meta-analyses to
reliably compare results between studies [18,39].

5. Conclusions

Considering the largest sample size for these types of studies to date, our findings
suggest that the separation of non-apoptotic sperm by MACS prior to ICSI in cycles
in which autologous oocytes were used reduces the number of embryos required to be
transferred in order to obtain a live birth when compared to the control group, although
this difference seemed not clinically meaningful. As shown by the pregnancy rates and LBR
measured per ET, the clinical impact of the selection of non-apoptotic sperm from samples
from unselected males through MACS before performing an ICSI had no clinical effect on
reproductive success measured in both classical parameters and CLBR. Even if the method
itself is economically, practically, and logistically feasible, its application in fertility clinics
cannot be justified unless its use provides a clear improvement in ART outcome rates.
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Simple Summary: Female calves are favored for milk production and genetic advancement in the
dairy industry, and sex selection by using sexed semen has been long considered. A potential alter-
native sperm sexing technique is magnetic-activated cell sorting combined with an immunological
method that uses scFv antibodies against male-specific sites on Y-chromosome-bearing sperm; how-
ever, the technique should be evaluated for validity and accuracy. This study focuses on how well
bovine sperm are separated by the use of magnetic microbeads coupled with scFv antibodies against
Y-chromosome-bearing sperm (PY-microbeads). The results showed that sexed bovine sperm using
PY-microbeads was a highly effective technique for distinguishing X- and Y-chromosome-bearing
sperm. It had no negative impact on the quality of X-chromosome-bearing sperm. The technique pro-
duced 82.65% of X-chromosome sperm in the X-enriched fraction semen and 81.43% of Y-chromosome
sperm in the Y-enriched fraction semen, which was utilized to generate target sexed bovine semen.

Abstract: Sperm sexing technique is favored in the dairy industry. This research focuses on the effi-
ciency of bovine sperm sexing using magnetic-activated cell sorting (MACS) by scFv antibody against
Y-chromosome-bearing sperm (Y-scFv) coupled to magnetic microbeads and its effects on kinematic
variables, sperm quality, and X/Y-sperm ratio. In this study, the optimal concentration of Y-scFv
antibody coupling to the surface of magnetic microbeads was 2–4 mg/mL. PY-microbeads revealed
significantly enriched Y-chromosome-bearing sperm (Y-sperm) in the eluted fraction (78.01–81.43%)
and X-chromosome-bearing sperm (X-sperm) in the supernatant fraction (79.04–82.65%). The quality
of frozen–thawed sexed sperm was analyzed by CASA and imaging flow cytometer, which showed
that PY-microbeads did not have a negative effect on X-sperm motility, viability, or acrosome integrity.
However, sexed Y-sperm had significantly decreased motility and viability. The X/Y-sperm ratio was
determined using an imaging flow cytometer and real-time PCR. PY-microbeads produced sperm
with up to 82.65% X-sperm in the X-enriched fraction and up to 81.43% Y-sperm in the Y-enriched
fraction. Bovine sperm sexing by PY-microbeads showed high efficiency in separating Y-sperm from
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X-sperm and acceptable sperm quality. This initial technique is feasible for bovine sperm sexing,
which increases the number of heifers in dairy herds while lowering production expenses.

Keywords: bull semen; sexing semen; magnetic-activated cell sorting; scFv antibody; semen quality

1. Introduction

Livestock reproductive management aims to produce a high number of offspring that
are good genetic breeders to expand production [1,2]. In the dairy industry, it is preferred to
produce female calves for milk production and genetic improvement [3]. Sex preselection by
using sexed semen has been considered. Bovine sperm sexing is a well-known technology.
Various techniques have been applied to separate X-chromosome-bearing sperm (X-sperm)
and Y-chromosome-bearing sperm (Y-sperm) based on the difference in their DNA content,
which is 3.7–4.2% depending on the breed [1,2]. Originally, separating X and Y sperm was
performed using flow cytometry combined with a cell sorter. Meanwhile, the so-called
Beltsville sperm sexing technology has proceeded to the point of commercialization, with
USDA licensee XY Inc. promoting it across the world [4]. This precise method is able to
produce sex-sorted semen with an accuracy demonstrated by a female calve birth rate
of 85–95% [2]. However, sperm sexing equipment is expensive to purchase and also to
operate. Another major problem of cell sorting is that it increases the possibility of sperm
deterioration due to the chemical and mechanical stress applied during the procedure,
leading to low sperm quality and low fertility [5,6].

The immunological sexing approach is an alternate method of sexing sperm.
Thongkham et al. (2021) [7] provided proof of principle for immunological sexing by
using monoclonal antibodies (Mab) against male-specific sites on the plasma membrane
of Y-sperm in order to identify between X- and Y-sperm, followed by a cytotoxic reaction
that destroys Y-sperm, leading to a high X-sperm ratio in sexed semen. This sperm sexing
technique has no damaging impact on acrosome integrity of the sperm or sexed sperm
yields, and has a conception rate similar to that of conventional semen, with female calves
born at a rate above 74%. The success of immunological sexing comes from the use of a
highly specific antibody against an epitope on the plasma membrane of the sperm. A Mab
generated against male-specific plasma membrane of Y-sperm produced by hybridoma
cells [8] is a high-quality source of engineered recombinant antibodies, such as single-chain
fragment variable antibodies (scFv antibodies). An scFv antibody structure is composed
of variable regions of heavy (VH) and light (VL) chains of immunoglobulin, which are
connected by flexible peptide linker such as (Gly4Ser)3 linker sequence. The protein engi-
neering technique produces scFv antibodies by using recombinant bacteria. In addition,
this technique has been utilized to improve the qualities of scFv antibodies, such as affinity
and specificity [9,10]. Thaworn et al. (2020) [11] generated VH and VL genes and utilized
them to generate a scFv gene (650 bp) that was expressed in Escherichia coli TG1 cells
and produced a soluble scFv antibody specific for male-specific regions on the plasma
membrane of Y-sperm. This soluble scFv antibody was advantageous for use in precisely
sexing sperm to create a novel bovine semen sexing technique.

The immunological sexing technique was less expensive than flow cytometry cell
sorting for sperm sexing and also produced a higher number of sperm per dose and better
frozen-thaw sperm quality [7], but the accuracy (i.e., the female calf birth rate) was still
lower than that of flow cytometry cell sorting [12]. Therefore, improving the accuracy of
immunological sexing techniques remains a challenge.

The recently developed magnetic-activated cell sorting (MACS) technique uses spe-
cific antibody-conjugated magnetic microspheres to bind to a target antigen or protein
so that different cell fractions can be separated by exposing the combined populations to
a magnetic field [13]. A previous study showed that MACS effectively separated dead
sperm and apoptotic sperm [14,15]. Said et al. (2006) [16] reported a 73.8% recovery rate
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after excluding spermatozoa with externalized phosphatidylserine utilizing paramagnetic
annexin V-conjugated microbeads. Ybarra et al. (2016) [17] discovered that distinguish-
ing membrane-damaged spermatozoa from viable sperm cells by biotin-labeled DNA
aptamers with avidin-coated nanoparticles enhanced the selection procedure of sperm
without impairing their potential to form embryos. Assumpção et al. (2021) [18] selected a
process for high-quality sperm in bovine sperm utilizing MACS, that was quite effective
in generating samples with a high percentage of viable cells, membrane integrity, and
mitochondrial potential.

The use of MACS by coupling scFv antibodies against male-specific sites on magnetic
beads may have the potential to serve as an alternative sperm sexing technique that
improves upon the immunological sexing technique with more precision, less effect on
sperm quality, and a lower cost of sexed sperm production. Therefore, the present study
focuses on the efficiency of the sexing procedure in bovine sperm using MACS combined
with scFv antibodies specific to the plasma membrane of Y-sperm coupled to the surface of
the magnetic microbeads on sperm motility, kinematic variables, sperm quality, and the
X/Y-sperm ratio.

2. Materials and Methods
2.1. Chemicals and Reagents

Magnetic microbeads coated with a poly (lactic acid) polymer film (PLA-M) with
a surface carboxylic acid group (-COOH), a particle size of 30 µm, and a concentration
of 10 mg/mL in suspension (micromod Partikeltechnologie, GmbH, Rostock, Germany)
were used. The scFv antibody against male-specific sites on the plasma membrane of
Y-sperm (Y-scFv antibody) was produced and prepared in our laboratory as described by
Thaworn et al. (2020); this antibody presents a high binding capacity for Y-sperm and
low cross-reactivity (4.25%) with X-sperm. N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC), Dulbecco’s phosphate-buffered
saline (DPBS), and 3,3′, 5,5′-tetramethylbenzidine (TMB) were purchased from Sigma
Aldrich (USA). SYBR-14, propidium iodide (PI), Hoechst 33342, and lectin PNA from
Arachis hypogaea (peanut) conjugated with Alexa Fluor 488 (PNA-Alexa 488) were pur-
chased from Invitrogen (Eugene, OR, USA). Anti-HA tag peroxidase (Abcam, Cambridge,
MA, USA), and commercially available sex-sorted X-sperm by cell sorter (GENEX, Shawano,
WI, USA) were also used.

2.2. Estimation of the Amounts of Y-scFv Antibody Coupled to Magnetic Microbeads

The amount of Y-scFv antibody on the surface of the magnetic microbeads was evalu-
ated. PLA-M microbeads (10 mg/mL) were added to each vial (50 µL), and then 400 µL of
0.1 mM EDC and 400 µL of 0.1 mM NHS were added and incubated for 4 h at 4 ◦C. Then,
the carboxylic acid group on the surface of the magnetic microbeads was activated. After
that, ten samples containing Y-scFv antibody solution were placed in each microbead vial
to final concentrations of 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, and 16 mg/mL, and each reaction
volume was mixed thoroughly in a shaker incubator (SHKE480HP, Thermo Fisher Scientific,
Kansas, MO, USA) at 4 ◦C overnight. After incubation, the microbeads coupled with scFv
antibody (PY-microbeads) were trapped by a strong neodymium magnet and kept at 4 ◦C
until use for the coupling capacity evaluation process.

In this situation, the coupling capacity of the Y-scFv antibody to the magnetic mi-
crobeads was determined by using an anti-HA tag. The magnetic microbeads coupled with
scFv antibody at each concentration were washed five times with 0.2 mL of DPBS. Then,
20 µL of goat polyclonal anti-HA tag peroxidase (1:100,000) was added and incubated at
room temperature for 1 h. The sample was subsequently washed five times with 200 mL
PBS. After that, 100 µL of TMB solution was added as the substrate and kept for 15 min
at room temperature. Then, adding 2 M sulfuric acid, the reaction was stopped, and the
absorbance at 450 nm was determined using a SpectraMax M3 microplate reader (Molecular
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Devices, San Jose, CA, USA). The immunoreactivities were compared using optical density
(OD) measurements.

2.3. Semen Sample Collection

Semen samples were taken from four tropical Holstein Friesian bulls aged 3–5 years
and were kept separately at the Inthanon Royal Project Livestock Semen Production Center
(Chiang Mai, Thailand). The Department of Livestock Development of the Thailand Min-
istry of Agriculture and Cooperatives has established legislation and regulations governing
experimentation on live animals. Fresh sperm samples were obtained via an artificial vagina.
The only semen samples that were used in the experiment had a sperm concentration of
greater than 650 × 106 cells/mL and total motility of greater than 80%.

2.4. Optimization of Y-scFv Antibody Coupling on Magnetic Microbeads for Sorting Sperm

The 10 mg/mL of PLA-M magnetic microbeads were activated with 0.1 mM EDC and
0.1 mM NHS. Then, six mixture samples were mixed with Y-scFv antibody solution in each
microbead vial to final concentrations of 0, 0.5, 1, 2, 3, and 4 mg/mL, and each mixture
was shaken thoroughly in a shaker incubator at 4 ◦C overnight. After incubation, the
microbeads coupling scFv antibody (PY-microbeads) were trapped by a strong neodymium
magnet. Then, the supernatant was removed, and the PY microbeads were collected.
After that, the unbound carboxylic acid groups on the microbeads were enclosed by Tris
(50 mmol/L, pH 7.4) for 15 min at room temperature, and the beads were then washed
three times with DPBS and suspended in 100 µL of DPBS. The prepared PY-microbeads
were kept at 4 °C until use in the evaluated sperm sexing procedure.

Fresh semen was diluted in a Tris–citric acid-based extender to 4× 106 cells/mL. Then,
each individual PY-microbead sample was added, and incubated for 20 min at 37 ◦C with
gentle shaking and placed on a strong neodymium magnet for 5 min at room temperature.
Then, unbound PY-microbeads, or the “supernatant fraction” were removed into new
tubes. The sperm entrapped on PY-microbeads were separated from the microbeads using
an eluting buffer (Tris–citric acid extender buffer containing 0.05 mM imidazole, pH 7.4),
incubated for 20 min at 37 ◦C, and then placed on a strong neodymium magnet to trap the
magnetic microbeads. The fractions eluted from the magnetic microbeads were transferred
to new tubes and called the “eluted fraction”. The numbers of sperm in each “supernatant
fraction” and “eluted fraction” were measured and used to indicate the PY microbead’s
sperm binding capacity and sex sperm ratio. A schematic of the sperm sorting protocol
using PY-microbeads is shown in Figure 1.

Figure 1. The schematic magnetic-activated cell sorting protocol for bovine sperm by using
PY-microbeads.
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2.5. Production of Frozen Sexed Bovine Semen by PY-Microbeads

Fresh semen samples from four tropical Holstein Friesian bulls were collected five
times per bull using an artificial vagina. The first treatment was conventional semen treatment
(T1; CON), in which fresh semen was diluted to a final concentration of 8 × 107 cells/mL
with a Tris–egg yolk-based extender (glycerol 8% v/v, egg yolk 20% w/v, D-Fructose 0.2%
w/v, penicillin 1000 IU, and gentamycin 0.3 mg/mL). In the second treatment, fresh semen
was incubated with PLA-M magnetic microbeads (unbound with scFv antibody) at 37 ◦C
for 20 min and then diluted to a final concentration of 8 × 107 cells/mL in Tris–egg yolk-
based extender (T2; negative control; NC). The third treatment (T3) was sexed by using
PY-microbeads (ratio 2 mg/mL Y-scFv: 10 mg/mL PLA-M beads), as follows: Fresh semen
was diluted to a final concentration of 1 × 109 cells/mL and incubated with PY-microbeads
at 37 ◦C for 20 min. Then, the PY-microbeads, which captured Y-sperm, were trapped by
a strong neodymium magnet. After that, unbound sperm were removed to new tubes
(T3: X-enriched fraction). The sperm entrapped on the PY-microbeads were separated
from the beads by incubation in the eluting buffer for 20 min at 37 ◦C. After that, the
released sperm were transferred to new tubes (T3: Y-enriched fraction). Meanwhile, the
X- and Y-enriched fractions were diluted to a final concentration of 8 × 107 cells/mL with a
Tris–egg yolk-based extender. In all treatments the sperm samples were frozen. A diagram
of the protocol for bovine semen sexing and evaluation in the present study is shown
in Figure 2.

Figure 2. A diagram of the steps involved in magnetic-activated cell sorting for sexing bovine semen
production and the evaluation of bovine semen in the present study.

2.6. Evaluation of Frozen–Thawed Sperm Motility and Kinematic Variables Using Computer-Aided
Sperm Analysis (CASA)

The frozen semen samples from CON, NC, X-enriched, and Y-enriched fractions were
thawed for 30 s in a water bath at 37 ◦C. AndroVision software (Minitube of America—
MOFA®, Verona, WI, USA) linked to a Zeiss AxioScope with a heated stage at 37 ◦C
(Carl Zeiss MicroImaging GmbH, Göttingen, Germany) was used to assess motility and
kinematic characteristics. Aliquots of sperm (5.0 µL) were deposited on prewarmed slides,
covered with a coverslip, and then subjected to rapid CASA analysis. The following
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parameters were measured and statistically analyzed in this study: total sperm motility
(TM, %), progressive sperm motility (PM, %), distance average path (DAP, µm), distance
curved line (DCL, µm), distance straight line (DSL, µm), velocity average path (VAP, µm/s),
velocity curved line (VCL, µm/s), velocity straight line (VSL, µm/s), beat cross frequency
(BCF, Hz), STR straightness VCL/VAP (STR, %), linearity VSL/VCL (LIN, %), and wobble
VAP/VCL (WOB) [19].

2.7. Evaluation of Frozen–Thawed Sperm Viability Using Imaging Flow Cytometry

The viability of sperm in frozen semen straws from each treatment was assessed using
two fluorescent probes: SYBR-14 for living sperm and PI for dead sperm, as described by
Thongkham et al. (2021) [7]. After thawing, the sperm samples were centrifuged at a speed
of 269× g for 8 min. Then, 300 mL of PBS containing 2 × 106 sperm was incubated for
10 min in the dark with 1.2 µL of diluted SYBR-14 and 3 µL of PI (2.4 mM) before imaging
flow cytometry analysis (FlowSight, Seattle, WA, USA). SYBR-14 and PI were stimulated
using a 60 mW 488-nm laser. IDEAS 6.2 was used to examine the data (Amnis, Seattle,
WA, USA).

2.8. Evaluation of Frozen–Thawed Sperm Acrosome Integrity Using Imaging Flow Cytometry

The acrosome integrity status of sperm from each treatment was determined following
Thongkham et al. (2021) [7]. After thawing, the sperm samples were centrifuged at 269× g
for 8 min. Then, PNA-Alexa 488 (100 µg/mL) of 0.5 µL and PI (1 mg/mL) of 0.5 µL were
added to each sample (final concentration of sperm 1.5 × 106 sperm/mL), and the mixture
was incubated for 10 min at 37 ◦C. After that, the samples were centrifuged at 1075× g
for 5 min, the supernatant was removed, and the pellets were resuspended in 50 µL of
PBS before imaging flow cytometry analysis (FlowSight). The IDEAS version 6.2 (Amnis,
Seattle, WA, USA) program was utilized for data analysis. A 60-mW 488-nm laser was used
to stimulate PNA-Alexa 488 and PI.

2.9. Discrimination of X/Y-Sperm by Imaging Flow Cytometry

The X/Y sperm ratio in each treatment was determined following Thongkham et al.
(2021) [7]. After thawing the semen sample, semen samples were diluted to 1 × 106

sperm/mL with PBS mixed with 1.2 µL of Hoechst 33,342 (50 µg/mL). Then, the sample
was incubated for 10 min at 37 ◦C in the dark and the results were analyzed using image
flow cytometry (FlowSight). A 15-mW 405-nm laser was used to stimulate the Hoechst
33,342 stain. Histograms were produced to evaluate the fluorescence of Hoechst 33,342.

2.10. Evaluation of Sexed Sperm by SYBR® Green RT–PCR

A pair of specific primers were constructed for the bovine Y and X chromosomal
partial sequences using the NCBI website and the SYBR® Green Real-Time PCR settings.
As a positive control, the internal housekeeping gene GAPDH was used. The pair of
Y-specific primers was constructed to target a conserved region of the SRY gene connected
to the bovine chromosome. For the bovine proteolipid protein gene, primers specific to the
X chromosome were created (PLP). The forward and reverse primer sequences, Tm, and
amplicon length are listed in Table 1 [20].
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Table 1. Specific primers used to amplify bovine SRY, PLP and GAPDH.

Gene Sequence (5′ → 3′) Length (bp) Accession No.

Y chromosome specific
SRY-Forward GAAAATAAGCACAAGAAAGTCCAGG 124 EU581861.1
SRY-Reverse CAAAAGGAGCATCACAGCAGC
X chromosome specific
PLP-Forward GGTGTGTTAGTTTCTGCTGTACAATAAATGG 96 AJ009913.1
PLP-Reverse GATGGCAGGTGAGGGTAGGA
Housekeeping gene
GAPDH-Forward GGCGCCAAGAGGGTCAT 120 NM_001034034.2
GAPDH—
Reverse GGTGGTGCAGGAGGCATT

SRY: sex-determining region Y; PLP: proteolipid protein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

2.10.1. DNA Sample Preparation

DNA was extracted from each semen sample by using the protocol of Chandler et al.
(2002) [21] with some modifications. Sperm from 5 straws from each treatment were thawed
and washed twice with D-PBS (composition). Proteinase K (Qiagen Inc., Valencia, CA,
USA), 1 M dithiothreitol (DTT) in 0.01 M sodium acetate, and 5% Chelex (Sigma Aldrich
(USA) were added to the samples. The samples were gently mixed and incubated at 37 °C.
After incubation, the samples were extracted with DNA using the QIAamp® DNA mini
kit (Qiagen, Valencia, CA, USA). The procedures for DNA extraction were carried out
according to the manufacturer’s instructions. Quantification of the samples was performed
using a NanoDropTM 2000 (Thermo Scientific, Wilmington, DE, USA) at an absorbance
ratio of 260–280 nm. The sequences of the forward and reverse primers and amplicon
length are given in Table 1. GAPDH was used as an internal housekeeping gene.

2.10.2. Quantitative SYBR Green Real-Time PCR (qPCR) Analyses

Real-time PCR was performed on a CFX Connect™ Real-Time PCR System by using
iTaq Universal SYBR Green Supermix (2X) (Bio–Rad Laboratories, CA). DNA (25 ng) was
performed in triplicate along with a control for each test. Amplification was performed
by an optimized protocol (5 min at 95 ◦C, 40 repeated cycles of two steps at 95 ◦C for 15 s,
55 ◦C X gene/56 ◦C Y gene for 15 s and 72 ◦C for 30 s).

2.11. Statistical Analysis

Motility and kinematic variables, acrosome integrity, percentages of X- and Y-sperm,
and evaluation of sexed sperm by SYBR® Green RT–PCR were analyzed by one-way
ANOVA using the statistical software program SPSS version 20.0 (SPSS Inc., Chicago, IL,
USA). Duncan’s new multiple range test was used to compare values between individual
groups [7,22]. Data are presented as the mean ± standard deviation. A paired t-test
was used to compare X- and Y-chromosome-bearing sperm on a histogram as a double
Gaussian distribution.

3. Results
3.1. Efficiency of Y-scFv Antibody Coupling to Magnetic Microbeads

The amount of Y-scFv antibody coupled to the surface of the magnetic microbeads
was determined by using goat polyclonal anti-HA tag peroxidase that reacted directly to
the HA position on the scFv antibody. The concentration of Y-scFv antibody bound to
10 mg magnetic microbeads was increased stepwise until saturation at 3–16 mg/mL. The
effectiveness of Y-scFv antibody coupling on the surface of the magnetic microbeads in
the range of 2–4 mg/mL was tested for sperm sexing, as shown in Figure 3. According
to this result, the Y-scFv antibody was fully bound to the surface of the PLA-M magnetic
microbeads by using the EDC–NHS reaction.
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Figure 3. Correlative amount of Y-scFv antibody coupled to the surface of PLA-M magnetic beads.

3.2. Optimized Conditions for Sexed Sperm by PY-Magnetic Beads

The coupling of Y-scFv antibody on the surface of magnetic microbeads was per-
formed via EDC–NHS. The subsequent process consisted of the specific targeting and
removal of Y-sperm by the Y-scFv antibody coupled to the magnetic microbeads. Selected
concentrations of Y-scFv antibody were coupled to the surface of the magnetic microbeads,
and as shown in Figure 4, increasing the concentration of Y-scFv antibody significantly
increased the percentage of sperm binding, compared with that bound by uncoupled
PLA-M microbeads (0 mg/mL Y–scFv). Furthermore, magnetic microbeads coupled with
2–4 mg/mL Y-scFv demonstrated a high sperm binding efficiency of up to 51.5–52.4% of
total sperm samples with an X/Y-sperm ratio of 1:1 (Figure 4).

Figure 4. The concentration of Y-scFv antibody coupled to PLA-M microbeads bound with conven-
tional bovine sperm with an X/Y-sperm ratio of 1:1 (expressed in the bar graph) and percentage
of binding capacity (expressed in the linear graph) in fresh semen. * % Binding = (Eluted fraction
sperm/total sperm) × 100.

The X/Y-sperm ratio in each fraction is shown in Table 2. According to these results,
the high efficiency of PY-microbeads binding to Y-sperm was demonstrated when a high
concentration of Y-scFv antibody was coupled to the PY-microbeads, leading to a high
proportion of Y-sperm in the eluted fraction. In particular, a Y-scFv antibody concentra-
tion of 2–4 mg/mL produced significant enrichment of Y-sperm in the eluted fraction
(78.01–81.43%) and of X-sperm in the supernatant fraction (79.04–82.65%). The optimal

68



Biology 2022, 11, 715

Y-scFv antibody concentration on PY-microbeads appropriate for bovine sperm sexing was
indicated as 2 mg/mL.

Table 2. Percentage of X- and Y-sperm expressed in each fraction produced by different concentrations
of Y-scFv antibody coupled to PLA-M microbeads (mean ± SD).

Concentration of
Y-scFv Antibody
(mg/mL)

Supernatant Fraction Eluted Fraction

X-Sperm Y-Sperm X-Sperm Y-Sperm

0 50.86 ± 0.58 a 49.13 ± 0.58 d 49.90 ± 0.60 b 50.10 ± 0.60 a

0.5 52.26 ± 1.15 ab 47.73 ± 1.15 cd 49.13 ± 0.66 b 50.87 ± 0.66 a

1 54.93 ± 0.64 b 45.06 ± 0.64 c 46.50 ± 0.60 b 53.50 ± 0.60 a

2 79.04 ± 0.15 c 20.95 ± 0.15 b 21.90 ± 0.95 a 78.01 ± 0.95 b

3 80.54 ± 0.61 cd 19.46 ± 0.61 ab 21.37 ± 3.06 a 78.63 ± 3.06 b

4 82.65 ± 0.87 d 17.35 ± 0.87 a 18.57 ± 1.00 a 81.43 ± 1.00 b

Different superscript letters in the same column indicate significant differences (p < 0.001).

3.3. Frozen–Thaw Sperm Motility and Kinematic Variables Evaluated by CASA

The percentage motility and kinematic variables of frozen–thawed sperm in CON,
NC, the X-enriched fraction, and the Y-enriched fraction are shown in Table 3. After sexing
by PY-microbeads, the motility and kinematic variables of the X-enriched fraction did not
differ from those of CON and NC (p > 0.05). However, the motility and kinematic variables
of the Y-enriched fraction were significantly lower (p < 0.05) than those of CON, NC, and
the X-enriched fraction.

Table 3. Evaluation of motility and kinematics of frozen–thawed sexed semen by PY-microbeads
(n = 20; mean ± SD).

Parameter

Treatment

p-ValueT1 T2 T3

CON NC (X-Enriched) (Y-Enriched)

TM (%) 68.79 ± 7.54 b 64.90 ± 14.30 b 62.90 ± 12.30 b 23.55 ± 6.82 a 0.030
PM (%) 57.11 ± 9.49 b 54.12 ± 16.13 b 52.14 ± 10.16 b 15.17 ± 6.61 a 0.021
VCL (µm/s) 89.52 ± 9.63 b 79.22 ± 12.85 b 74.36 ± 10.87 b 26.04 ± 6.77 a 0.040
VSL (µm/s) 35.69 ± 6.07 b 33.55 ± 10.11 b 31.25 ± 11.29 b 11.97 ± 5.66 a 0.001
VAP (µm/s) 45.25 ± 6.51 b 42.01 ± 10.67 b 40.24 ± 12.55 b 14.89 ± 5.41 a 0.001
DCL (µm) 30.03 ± 5.64 b 27.25 ± 9.39 b 24.11 ± 10.48 b 12.25 ± 5.30 a 0.010
DSL (µm) 10.53 ± 3.95 b 9.09 ± 3.12 b 8.02 ± 3.42 b 5.00 ± 2.89 a 0.024
DAP (µm) 12.37 ± 2.87 b 11.34 ± 4.12 b 10.42 ± 3.12 b 6.47 ± 3.12 a 0.041
ALH (µm) 0.90 ± 0.25 b 0.81 ± 0.12 b 0.79 ± 0.41 b 0.43 ± 0.25 a 0.025
BCF (Hz) 9.55 ± 5.45 b 9.02 ± 0.44 b 8.34 ± 3.69 b 4.33 ± 2.27 a 0.024
HAC (rad) 0.24 ± 0.15 b 0.23 ± 0.11 b 0.21 ± 0.07 b 0.11 ± 0.08 a 0.010
WOB (%) 0.52 ± 0.11 b 0.53 ± 0.15 b 0.51 ± 0.06 b 0.56 ± 0.09 a 0.008

Con: conventional frozen–thawed semen; NC: conventional semen incubated with non-active PLA-M microbeads;
X-enriched: unbound sperm with PY-microbeads; Y-enriched: entrapped sperm with PY- microbeads. Different
superscript letters in the same row indicate significant differences (p < 0.05).

3.4. Viability of Frozen–Thawed Sexed Semen

The viability of frozen–thawed sperm in CON, NC, the X-enriched fraction, and the
Y-enriched fraction, is shown in Figure 5. The percentages of live sperm were signifi-
cantly higher in CON (36.7%) and NC (33.8%) than in the X-enriched fraction (29.5%) and
Y-enriched fraction (10.5%) (p < 0.05). In addition, the percentage of live sperm in the
X-enriched fraction was significantly higher than in the Y-enriched fraction (p < 0.05).
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Figure 5. The percent viability of frozen–thawed sexed semen by PY-microbeads. Con: conventional
frozen–thawed semen; NC: conventional semen incubated with nonactive PLA-M microbeads;
X-enriched: sperm unbound by PY-microbeads; Y-enriched: sperm entrapped by PY-microbeads;
A, B, C = comparison of dead sperm in each group; a, b, c = comparison of live sperm in each group.

3.5. Acrosome Integrity of Frozen–Thawed Sexed Semen

The percentage acrosome integrity of frozen–thawed sperm in CON, NC, X-enriched
fraction and Y-enriched fraction is shown in Table 4. Live acrosome-intact sperm (LI) and
dead acrosome-intact sperm (DI) in X-enriched sperm did not differ between CON and NC
(p < 0.05). The proportion of live acrosome-reacted sperm (LR) in X-enriched fraction was
significantly lower than in CON and NC (p < 0.05) but not significantly different from in the
Y-enriched fraction (p > 0.05). Moreover, the proportions of live acrosome-intact sperm and
live acrosome-reacted sperm were significantly lower in the Y-enriched group than in CON
and NC (p < 0.05). The level of dead acrosome-intact sperm (DR) in the Y-enriched fraction
was significantly higher than in CON, NC, and the X-enriched fraction. The proportions of
dead acrosome-reacted sperm showed no differences among CON, NC, X-enriched fraction,
and Y-enriched fraction.

Table 4. Acrosome integrity of frozen–thawed sexed semen by PY-microbeads (n = 20; mean ± SD).

Parameter

Treatment

p-ValueT1 T2 T3

CON NC (X-Enriched) (Y-Enriched)

LI 42.40 ± 7.25 b 40.20 ± 6.25 b 38.90 ± 7.77 b 12.44 ± 3.25 a 0.001
DI 30.77 ± 4.42 a 35.72 ± 5.52 a 40.20 ± 7.25 a 60.72 ± 9.01 b 0.004
LR 0.77 ± 0.04 b 0.82 ± 0.24 b 0.44 ± 0.05 a 0.42 ± 0.12 a 0.032
DR 26.06 ± 2.94 23.26 ± 4.35 20.46 ± 8.88 26.42 ± 1.24 0.125

Con: conventional frozen–thaw semen; NC: conventional semen incubated with non-active PLA-M microbeads;
X-enriched: unbound sperm with PY-microbeads; Y-enriched: entrapped sperm with PY- microbeads; LI: live-
acrosome-intact sperm; LR: live acrosome-reacted sperm; DI: dead acrosome-intact sperm; DR: dead acrosome-
reacted sperm. Different superscript letters in the same row indicate significant differences (p < 0.05).

3.6. X/Y-Sperm Ratio in Frozen-Thaw Semen Evaluated by Imaging Flow Cytometry

The sperm sex ratios calculated for frozen–thawed CON, NC, X-enriched fraction,
and Y-enriched fraction are shown in Figure 6. The percentages of X- and Y-sperm did not
differ between the CON and NC groups (p > 0.05). However, the percentage of X-sperm in
X-enriched fraction (80.24± 3.85) was significantly higher than that of Y-sperm (19.76 ± 3.81)
(p < 0.05). Conversely, the percentage of Y-sperm in the Y-enriched fraction (81.45 ± 4.95)
was significantly higher than that of X-sperm (18.55 ± 4.91) (p < 0.05).
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Figure 6. Discrimination between X- and Y-sperm after sexing by PY magnetic beads. (a) Regions are
utilized to analyze sperm bearing the X and Y chromosomes. Separate populations of sperm bearing
X and Y chromosomes were isolated, and the sex ratio in each sample was evaluated. (b) Patterns of
sperm were observed with Hoechst 33,342. (c) Frequency histogram and percentage of sperm after
staining with Hoechst 33,342. Con: conventional frozen–thawed semen; NC: conventional semen
incubated with inactive magnetic PLA-M; X-enriched: fraction of sperm not bound by PY-magnetic
beads; Y-enriched: fraction of sperm entrapped by PY-magnetic beads. * Paired t-tests were used to
compare X- and Y-sperm from each group. p-value < 0.05 is statistically significant.

3.7. X/Y-Sperm Ratio in Frozen-Thaw Semen Evaluated by Real-Time PCR

The fold relative expression data for X- and Y-sperm content obtained using real-
time PCR analysis are depicted in Figure 7. CON was taken as the baseline. The mean
fold relative expression of Y-sperm in the Y-enriched fraction sexed by the PY-microbeads
method was significantly higher (p < 0.05) for the Y primer (SRY) and the average 2 delta
Ct value for the Y primers was significantly higher (4-fold) for the Y primers compared
with the control. The mean fold relative expression of X-sperm in the Y-enriched group
was lower (0.52-fold) (p < 0.05) for the Y primer and the results were comparable to those
in the control. The mean fold relative expression of X-sperm in X-enriched sperm sexed
by PY-microbeads was higher (p < 0.05) for the X primer (PLP), as was the average 2 delta
Ct value for X primers (3–4-fold) compared with CON. In addition, the mean fold relative
expression of X-sperm in X-enriched semen sexed by PY-microbeads did not differ from
that of commercial cell sorter-sexed (SORT X) semen (4-fold, p > 0.05). However, the mean
fold relative expression of Y-sperm in X-enriched fraction was significantly lower (p < 0.05),
and the average 2 delta Ct value for the X primers was significantly lower than the control.
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Figure 7. Expression levels of PLP and SRY genes in X- and Y-enriched semen samples were measured
by RT–PCR to validate the sexing technique for bull semen. Con: conventional frozen–thawed semen;
X-enriched: fraction of sperm not bound by PY-magnetic beads; Y-enriched: fraction of sperm
entrapped by PY-magnetic beads; Sort X: commercial cell-sorter-sexed semen; A, B = comparison of
PLP amplicons from each group; a, b = comparison of SRY amplicons from each group.

4. Discussion

Sexed semen has successfully been used in bovines and has revolutionized the dairy
industry [23]. The most common use of sexed semen is for the sex preselection of females
to achieve an adequate number of replacement heifers is [15]. Utilizing sexed sperm is a
successful method of obtaining offspring of a specific gender [24]. Many previous studies
have demonstrated that MACS is highly effective in separating sperm based on plasma
membrane integrity [16,17]. The present work was the first MACS to use scFv antibodies
specific to plasma membrane epitopes on Y-sperm coupled to magnetic microbeads to
separate X- and Y-sperm in bovine semen. The advantage of producing scFv antibodies
against Y-sperm is that it creates smaller protein molecules than monoclonal antibodies with
a high affinity to capture Y-sperm [11]. Therefore, MACS, by using scFv antibodies specific
to Y-sperm coupled to the surface of magnetic microbeads, is an interesting approach
that might be utilized to develop bovine semen sexing technologies. The coupling of
antibodies to the surface of PLA-magnetic microbeads via 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride-N hydroxysuccinimide (EDC–NHS) activation involves
a two-step procedure. First, alkane carboxylic acids containing thiols are bound to the
particle surface to generate a carboxylic acid-terminated monolayer. Second, the terminal
carboxylic acids are coupled with peptides or antibodies by EDC–NHS coupling to generate
amide linkages [25]. Both the sperm binding efficiency of this method and its ability to
produce high-quality sperm have been verified.

The approaches for estimating the amount of Y-scFv antibody coupled to PLA-M
magnetic microbeads that rely on immobilization are simple and more easily evaluated.
Anti-HA tag antibody peroxidase labels have been used to enhance the sensitivity of
immunoassays [26]. In the present study, a concentration of Y-scFv antibody of 2–4 mg/mL
was coupled to the surface of the magnetic microbeads. The concentration of Y-scFv
antibody had a highly significant effect on the efficiency of immobilization.

This novel method of sexing bovine sperm with MACS by using Y-scFv antibody can
effectively separate X- and Y-sperm. This study showed the optimal level of Y-scFv coupling
to the surface of PLA-M magnetic microbeads to be 2, 3, or 4 mg/mL, which demonstrated
high-efficiency binding with Y-sperm and high accuracy of Y-sperm in the eluted fraction,
with up to 78.01%, 78.63%, and 81.43%, respectively. Furthermore, this approach yielded a
high proportion of X-sperm in the supernatant fraction, which represented the X-enriched
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fraction, up to 82.65%. These results showed that PY-microbeads bound to Y-sperm, and left
X-sperm in the supernatant fraction, making the supernatant fraction an enriched X-sperm
fraction with a low concentration of Y-sperm. Therefore, PY-microbeads bound to Y-sperm
were trapped by the powerful neodymium magnet. Eluting buffer was used to separate
the Y-sperm from the entrapped PY-microbeads. The Y-sperm were liberated from the
PY-microbeads and remained in the eluted fraction. However, this fraction still had a low
concentration of X-sperm because of the cross-reactivity of the Y-scFv antibody. The eluted
fraction represented an enriched Y-sperm fraction. The success of this technology can be
utilized to produce sex-selected sperm, allowing farmers to enhance the production of
replacement female dairy cows.

Sperm motility is one of the most critical aspects of sperm fertility, as it is important for
sperm transportation and fertilization in the female reproductive tract [27]. CASA provides
a wide range of sperm motility parameters that provide valuable information regarding the
physiological status of sperm and thus has the potential to more accurately predict sperm
fertility than the parameters assessed by routine microscopic semen evaluation [28,29].
After the production of sexed semen by PY-microbeads, the NC- and X-enriched fractions
showed normal motility, with kinematics that did not differ from those of CON. This
means that PY-microbeads do not damage sperm. The present results were in agreement
with those obtained by Domínguez et al. (2018) [30], who found that magnetic bead
separation had no effect on donkey sperm motility. However, sperm in the Y-enriched
fraction showed significantly decreased motility after sexing with PY-microbeads. The
evaluation of acrosome integrity is critical because acrosome enzymes are important for
penetrating the zona pellucida and fertilization. The acrosome integrity indicators of
frozen–thawed sexed semen generated with PY-microbeads did not differ from those of
CON in the current study. Moreover, the viability of sperm in the Y-enriched fraction was
lower than in the X-enriched fraction. The elution buffer and duration of the procedure
likely affect the Y–sperm in the Y-enriched fraction. Therefore, the low motility and low
viability of the Y-enriched fraction need to be improved in future research.

In accordance with Thongkham et al. (2021) [7] imaging flow cytometry was used to
discriminate X- and Y-chromosome-bearing sperm. Hoechst 33,342 is more concentrated
in X-bearing sperm than in Y-bearing sperm, allowing them to be distinguished using
imaging flow cytometry. Sperm containing X and Y chromosomes has a double Gaussian
distribution on a histogram. In this study, the X-enriched fraction had a higher proportion
of X-sperm. In this way, the use of X-enriched fraction semen would be almost certain
to increase the percentage of female calves born by artificial insemination. Additionally,
the proportion of sperm carrying the Y-chromosome increased in the Y-enriched fraction
after sex selection. However, sperm viability for artificial insemination continues to be
a challenge. Real-time PCR is regarded as a practical, accurate, and reliable method for
quantifying spermatozoa carrying the X and Y chromosomes in bovine semen [31,32].
The confirmation of bovine sperm sexed by PY-microbeads was performed in this work
by utilizing SYBR® Green-based real-time quantitative PCR. During spermatogenesis,
an equal number of sperm with both X and Y chromosomes are made, according to the
meiotic model. The results of our real-time PCR validation of sexed bovine sperm are
similar to previous investigations on bovine semen [33,34]. The 2 delta Ct value of X- and
Y-chromosome-containing sperm differed significantly (3- to 4-fold) from the control. The
SYBR® Green real-time PCR technology applied in this work accurately determined the
sperm sex ratio in terms of the fold increase for both X- and Y-enriched sperm.

5. Conclusions

This initial MACS, which used a Y-scFv antibody linked to the surface magnetic mi-
crobeads, was demonstrated to be an efficient approach for sexing bovine sperm. The
optimal concentration of Y-scFv antibody coupled to magnetic microbeads was 2 mg/mL.
The bound sperm on PY-microbeads was highly Y-sperm, and the unbound sperm was
highly X-sperm. This approach generated sperm with up to 82.65% X-sperm in the
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X-enriched fraction and up to 81.43% Y-sperm in the Y-enriched fraction. Additionally, this
method had no negative effect on X-sperm motility, kinetics, or quality; however, Y-sperm
quality was low. PY-magnetic beads can be utilized to develop a technique for bovine
X-sperm sexing.
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Simple Summary: Semen cryobanking is a valuable tool for preserving the genetic resources of a
wide range of species, providing the opportunituy to preserve representative samples and reconstruct
the population or diversity. However, in avian species, the freezing–thawing process results in
a sharp reduction in sperm quality and consequently fertility. This is mainly due to the lack of
knowledge about the molecular basis of the cryopreservation process, especially in more sensitive
species such as turkey. Thus, in this study, we took advantage of NMR technology to assess the
changes in metabolic profile occurring in turkey sperm cryopreservation, which were correlated
with sperm qualitative parameters measured in both fresh and frozen–thawed samples. Hence, the
results reported here depict a clearer scenario about the changes in the levels of amino acids, other
water-soluble compounds, and lipids resulting from the freezing–thawing process. Moreover, a wide
discussion about the possible pathway affected by cryopreservation is provided. Therefore, this study
allows us to: (i) identify biological markers related to the sperm freezability of male turkey donators;
(ii) suggest a supplementation of specific metabolites in the diet or in the freezing medium in order to
obtain spermatozoa abler to withstand the freezing process.

Abstract: Semen cryopreservation represents the main tool for preservation of biodiversity; however,
in avian species, the freezing–thawing process results in a sharp reduction in sperm quality and
consequently fertility. Thus, to gain a first insight into the molecular basis of the cryopreservation
of turkey sperm, the NMR-assessed metabolite profiles of fresh and frozen–thawed samples were
herein investigated and compared with sperm qualitative parameters. Cryopreservation decreased
the sperm viability, mobility, and osmotic tolerance of frozen–thawed samples. This decrease in
sperm quality was associated with the variation in the levels of some metabolites in both aqueous
and lipid sperm extracts, as investigated by NMR analysis. Higher amounts of the amino acids
Ala, Ile, Leu, Phe, Tyr, and Val were found in fresh than in frozen–thawed sperm; on the contrary,
Gly content increased after cryopreservation. A positive correlation (p < 0.01) between the amino
acid levels and all qualitative parameters was found, except in the case of Gly, the levels of which
were negatively correlated (p < 0.01) with sperm quality. Other water-soluble compounds, namely
formate, lactate, AMP, creatine, and carnitine, turned out to be present at higher concentrations in
fresh sperm, whereas cryopreserved samples showed increased levels of citrate and acetyl-carnitine.
Frozen–thawed sperm also showed decreases in cholesterol and polyunsaturated fatty acids, whereas
saturated fatty acids were found to be higher in cryopreserved than in fresh sperm. Interestingly,
lactate, carnitine (p < 0.01), AMP, creatine, cholesterol, and phosphatidylcholine (p < 0.05) levels were
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positively correlated with all sperm quality parameters, whereas citrate (p < 0.01), fumarate, acetyl-
carnitine, and saturated fatty acids (p < 0.05) showed negative correlations. A detailed discussion
aimed at explaining these correlations in the sperm cell context is provided, returning a clearer
scenario of metabolic changes occurring in turkey sperm cryopreservation.

Keywords: sperm metabolic profile; turkey sperm cryopreservation; avian sperm; sperm NMR
analysis

1. Introduction

Conservation of genetic variability in domestic animal species is a task for the sus-
tainable production of human food resources, as well as for land management and, more
importantly, the preservation of biodiversity [1,2]. Currently, despite the development
of other innovative strategies, such as gonadal tissue allotransplantation [3] and diploid
primordial germ cell methodologies [4], semen cryopreservation still remains the most
effective method to store reproductive cells for the ex situ management of genetic diver-
sity in birds [5–7]. Thus, the growth of this ex situ in vitro strategy, as a support to the
in vivo strategy, is becoming more advanced. In this regard, the constitution of cryobanks
for genetic resources would offer a crucial link between both strategies, leading to the
improvement of conservation programs efficiency [8,9].

However, the main challenge for the creation of a poultry semen cryobank is the
achievement of a successful freezing protocol [9]. In relation to this, it is known that the se-
men cryopreservation process causes a loss of sperm membrane integrity in poultry [2,5,10].
Thus, the improvement of sperm cryosurvival and increased fertility in artificial insem-
ination (AI) with frozen–thawed sperm continues to be the focus in semen cryobanking
in avian species. This is even more evident in turkey species, the semen of which has
been proven to be more sensitive to cooling and freezing–thawing damages than chicken
sperm [11–17]. Though chicken and turkey sperm share the same morphology (as a fil-
iform shape, a long tail and a condensed nucleus [18]), turkey sperm presents a high
cholesterol/phospholipid ratio, resulting in low membrane fluidity and permeability [18];
moreover, it has a low osmotic resistance at hypo-osmotic conditions [11].

For these reasons, over the last few decades, several studies have been performed, in
which different factors involved in sperm cryosurvivability were taken into consideration,
to identify an efficient freezing procedure for both chicken and turkey semen [14,19–25].
However, despite the encouraging results obtained so far, there is still a gap of knowledge
about the biological bases involved in the cryopreservation process. This limits the devel-
opment of a freezing procedure that results in fertilization rates closer to those obtained
with fresh semen. In addition, more efficient semen cryopreservation, besides ensuring the
conservation of genetic resources in a gene bank, could provide practical advantages to the
turkey industry, since commercial farms are completely dependent on AI to obtain fertile
eggs [14]. The avian sperm membrane contains more polyunsaturated fatty acids (PUFAs)
than that of mammals, and it has lower protein content, a lower cholesterol/phospholipid
ratio, and greater overall fluidity at physiological temperatures [26,27].

Specific biological and biophysical factors, such as membrane permeability, lipid
composition, and membrane fluidity, can affect the ability of poultry spermatozoa to
limit damages caused by the cryopreservation procedure [28,29]. In this regard, it was
reported that the freezing–thawing procedure for avian spermatozoa induces a membrane
rigidifying process that is accompanied by a dramatic and proportional decrease in the
cholesterol/phospholipid ratio. Moreover, this effect is different from species to species;
thus, it could behave as an indicator of between-species freezability [18,28]. Accordingly, it
was also observed that the ratio of lipids in the sperm membrane determines the overall
fluidity of the membrane and impacts the ability of sperm to remain viable during the
cryopreservation process in chicken [18,30] as well as in mammals [31]. This is consistent
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with previous findings in turkey showing that lipids are involved in vital aspects of sperm
metabolism and functions [32].

Besides lipids, other factors contribute to defining membrane fluidity in poultry [33],
such as the nature and the level of insertion of the proteins in the membrane lipid bi-
layer [34]. In addition, amino acids could play a role in avian sperm function as shown
for mammals: some amino acids participate in many metabolic processes involved in
motility, acrosome reaction, and capacitation of human and other mammalian spermato-
zoa [35,36]. Amino acids also have antioxidant properties able to protect sperm cells from
cold shock [37,38]; consistently, plasma amino acids seem to play a role in chicken sperm
cryoresistance [39]. In mammals, it has been demonstrated that amino acids act at the
extracellular level and improve sperm motility, acrosome integrity, and fertilizing potential
after the freezing–thawing process [40–44]. It has also been reported that L-carnitine is
involved in sperm energy metabolism, promoting sperm motility and maturation and the
spermatogenic process [45,46]. Thus, its supplementation was proposed to increase both
kinetics and morphological characteristics of sperm [47]. On the contrary, less information
is known about these aspects in avian species, especially in turkey.

The sperm metabolite profile, which includes lipids, amino acids, and other water-
soluble compounds, appears to be the main factor that affects sperm resilience the cryop-
reservation process, which in turn determines the fertilizing ability of sperm [48]. Even
now, there is a complete lack of knowledge about the turkey sperm metabolite profile. The
only investigation on metabolite profile of fresh turkey sperm reported in literature was
our previous study, in which changes in metabolite levels occurring in male reproductive
ageing were measured by using nuclear magnetic resonance (NMR) [49]. Currently, there
is still no scientific evidence in the literature about the metabolite profile changes during
the semen cryopreservation process. Thus, by detecting and simultaneously quantifying a
wide range of metabolites with a high analytical precision, NMR represents a valuable tool
for better understanding the biological bases of the turkey semen cryopreservation process.

In this study, deeper insight into the metabolite profile changes occurring in turkey
sperm cryopreservation was obtained by assessing via NMR a relevant number of metabo-
lites in both fresh and frozen–thawed samples. The changes in metabolite levels were
further correlated to sperm quality variations after thawing and are herein discussed from
a metabolic point of view.

2. Materials and Methods
2.1. Chemicals

The fluorescent dyes SYBR-14 and propidium iodide (PI) used were those provided in
the LIVE/DEAD Sperm Viability kit (InvitrogenTM by Thermo Fisher Scientific, Waltham,
MA, USA). All the other chemicals used in this study were purchased from Sigma Chemical
Co. (St. Louis, MO, USA).

2.2. Animals and Semen Treatment

Hybrid Large White turkey males from a private breeding group (Agricola Santo Ste-
fano of Amadori’s group, Canzano, TE, Italy) were used. Animals were housed there when
they were 32 weeks old. They were maintained under standard management conditions
and photostimulated on a daily basis with a 14L:10D photoperiod. The toms were kept in
groups of 8–10 in floor pens. Feed and water were provided ad libitum. Toms were trained
for semen collection by abdominal massage two times a week.

Semen was collected from 32 weeks of age males by abdominal massage. Ejaculates
were pooled, with each pool originating from a minimum of 9 to a maximum of 12 males,
and thoroughly mixed in order to reach at least 4 mL of semen/pool. In total, 5 pools of
semen were used in this study.
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2.3. Cryopreservation Process

Semen was cryopreserved by the pellet method [14]. In brief, semen samples were
diluted (1:4) in Tselutin extender [50]. The diluted semen was cooled at 4 ◦C for 60 min,
and then 8% (v/v; 0.860 M) of dimethylacetamide (DMA) was added as cryoprotectant.
The semen was gently inverted and equilibrated for 5 min at 4 ◦C. Volumes of 80 µL of
semen were plunged drop by drop directly into liquid nitrogen to form spheres of frozen
semen (pellets). The pellets were rapidly placed in 2 mL polypropylene cryovials (Cryo.sTM;
Greiner Bio-One, Monroe, NC, USA) previously cooled by immersion in liquid nitrogen
(3–4 pellets/cryovial) and then stored in a liquid nitrogen tank until analysis. After two
weeks, the pellets were warmed by immersing the cryovials in a water bath at 75 ◦C for
12 s.

2.4. Semen Quality Evaluation

Mobility, viability and sperm osmotic tolerance were assessed on both freshly di-
luted and frozen–thawed samples. To this end, each sperm sample was divided in two
aliquots: one to be immediately assessed (fresh), and the other to be subjected to freezing–
thawing process.

Sperm mobility was evaluated using the Sperm Motility Test (SMT) according to
the Accudenz® procedure (Accurate Chemical & Scientific Corp., Westbury, NY, USA)
following the procedure described by Iaffaldano et al. [14,49]. This procedure is based
on the ability of the spermatozoa with a forward progressive motility to penetrate a 4%
Accudenz® layer. Semen was diluted to 1.0 × 109 as previously described [49]. A drop of
60 µL from each sperm suspension was superimposed onto 600 µL of 4% (w/v) Accudenz®

solution in a semimicro polystyrene disposable cuvette. Cuvettes were incubated for 5 min
in a 41 ◦C water bath, and absorbance was measured in a spectrophotometer at 550 nm
after 60 s. The sperm motility was expressed by values of optical density (O.D.).

Sperm viability was measured using the InvitrogenTM LIVE/DEAD sperm viability
kit according to the procedure set up by Iaffaldano et al [14]. Aliquots of 5 µL semen
were diluted in 39 µL of Tselutin diluent containing 1 µL of SYBR-14 (diluted 1:100 into
dimethylsulfoxide). Samples were incubated for 10 min at 38 ◦C. Then, 5 µL of propidium
iodide (PI; dissolved 1:100 in PBS) was added, and the samples were further incubated at
38 ◦C for 5 min. The assessment of viable/nonviable spermatozoa was performed using
fluorescence microscopy (blue excitation filter λ = 488 nm; ×100 oil immersion objective;
magnification ×400). Viable sperm cells were stained green by SYBR-14, whereas dead cells
were stained in red by PI. A minimum of 200 spermatozoa for each sample were counted.
Percentages of viable spermatozoa were determined as the ratio: green cells/(green cells +
red cells) × 100.

Sperm osmotic tolerance (SOT) was assessed using a hypo-osmotic swelling test
(HOST) [14,15]. Five microliters of semen were added to 80 µL of distilled H2O and then
stained with SYBR-14/PI and read as described above for sperm viability.

This test is effective for assessing the percentage of viable spermatozoa that are capa-
ble of withstanding hypo-osmotic stress in vitro. Under hypo-osmotic conditions, viable
thawed spermatozoa with intact membranes fluoresce green (SYBR) and exclude PI. Con-
versely, damaged membranes permit the passage of PI, staining spermatozoa that have lost
their functional integrity red.

2.5. NMR Measurements
2.5.1. Sample Preparation

The Bligh–Dyer [51] method was used to extract and separate water-soluble and li-
posoluble metabolites from semen samples following the procedure previously reported [52].

Before NMR analysis, fresh and frozen semen was diluted at the same concentra-
tion and then centrifuged at 1500 rpm for 15 min to remove both diluent and seminal
plasma. A chloroform/methanol (2:1, v/v) mixture was added to the sperm pellets, and
the samples were homogenized with a vortex mixer for 60 s before adding distilled water
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in the proportion of 1:18:4 (spermatozoa–chloroform/methanol–water). The homogenate
was centrifuged at a speed of 4000 rpm for 20 min at 5 ◦C. The liquid chloroform and
water/methanol phases were separated and dried under vacuum in a rotary evaporator.
The dried residues were dissolved into 0.75 mL of CDCl3/CD3OD (2:3 v/v) or 0.75 mL of
D2O phosphate buffer (400 mM, pD = 7).

2.5.2. NMR Spectra

The NMR spectra of aqueous and organic extracts were recorded at 27 ◦C on a Bruker
AVANCE 600 NMR spectrometer operating at the proton frequency of 600.13 MHz and
equipped with a Bruker multinuclear z-gradient inverse probe head capable of producing
gradients in the z-direction with a strength of 55 G/cm. 1H spectra were referenced
to methyl group signals of 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt (TSP,
δ = 0.00 ppm) in D2O and to the residual CHD2 signal of methanol (set to 3.31 ppm) in
CDCl3/CD3OD mixture [53]. 1H spectra of aqueous extracts were acquired by coadding
512 transients with a recycle delay of 3 s. The residual HDO signal was suppressed using a
standard Bruker presaturation sequence zgpr. The experiment was carried out by using
a 45◦ pulse of 7.25 µs and 32,000 data points. 1H spectra of CDCl3/CD3OD extracts were
obtained using the following parameters: 256 transients, 32,000 data points, a recycle
delay of 3 s, and a 90◦ pulse of 10 µs. The 1H spectra were Fourier transformed using an
exponential multiplication function with a line broadening factor of 0.3 Hz, and manual
phase correction and baseline correction were applied.

2.5.3. Measurement of the Metabolic Content in Aqueous Extract

The intensity of 21 1H resonances due to water-soluble assigned metabolites (see
Table 1) was measured with respect to the intensity of a TSP signal used as internal standard
and normalized to 100.

2.5.4. Measurement of the Metabolic Content in Organic Extracts

The integrals of 8 1H resonances due to assigned liposoluble metabolites were mea-
sured and used to obtain the normalized integrals, see Table 1. All the integrals were
normalized with respect to the integrals of α-CH2 groups of all fatty acid chains at 2.31 ppm
set to 100%. The molar percentages of lipids were calculated taking into account the number
of equivalent protons corresponding to a specific resonance. The resonances due to the
CH3 of cholesterol (0.74 ppm), all allylic protons (2.08 ppm), α-CH2 groups of all fatty acid
(2.31 ppm), CH2 diallylic protons of DUFA, (2.81 ppm), CH2 diallylic protons of PUFA
(2.88 ppm), CH2N of PE (3.21 ppm), (CH3)3N+ of PC (3.28 ppm), and CH (double bond) pro-
ton of SMN (5.76 ppm) were integrated. The molar percentage of all saturated fatty chains
(SFA) was calculated as 100 UFA, where UFA was calculated using the all-allylic-protons
signal at 2.08 ppm.

2.6. Statistical Analysis

Sperm qualitative parameters and metabolite levels determined by NMR analysis
measured in fresh and frozen–thawed sperm were compared by paired-samples t-test
(threshold at p < 0.05). Correlations between sperm variables and NMR-identified metabo-
lites were assessed through Pearson’s correlation coefficients, setting significance thresholds
at the p < 0.05 level (one-tailed) and p < 0.01 levels (two-tailed). All statistical tests were
performed using the software package SPSS v23.0 (SPSS, Chicago, IL, USA).

81



Biology 2022, 11, 642

Table 1. Metabolites identified and quantified by NMR in fresh and frozen sperm of turkey males at
32 weeks of age.

Metabolite, 1H Chemical
Shift (ppm)

Fresh Frozen

Water Extract
p-Value

Amino acids mol % (n = 5) mol % (n = 5)

Ala (1.48) 0.178 ± 0.007 a 0.113 ± 0.007 b 0.001
Asp (2.83) 0.239 ± 0.022 a 0.221 ± 0.005 a 0.466
Gln (2.45) 1.614 ± 0.314 a 1.468 ± 0.197 a 0.412
Glu (2.07) 66.547 ± 0.391 a 66.956 ± 0.761 a 0.725
Gly (3.57) 4.648 ± 0.043 a 4.951 ± 0.073 b 0.001
Ile (1.02) 0.015 ± 0.001 b 0.009 ± 0.001 b 0.009
Leu (0.96) 0.054 ± 0.003 a 0.026 ± 0.001 b 0.003
Phe (7.43) 0.022 ± 0.001 a 0.017 ± 0.001 b 0.030
Tyr (6.92) 0.048 ± 0.002 a 0.020 ± 0.002 b 0.001
Val (0.99) 0.038 ± 0.002 a 0.019 ± 0.002 b 0.002

Organic acids
Acetate (1.93) 0.486 ± 0.064 a 0.353 ± 0.087 a 0.403
Citrate (2.57) 0.089 ± 0.006 b 0.125 ± 0.006 a 0.039

Formate (8.46) 0.039 ± 0.003 a 0.019 ± 0.004 b 0.002
Fumarate (6.53) 0.032 ± 0.003 a 0.040 ± 0.002 a 0.072

Lactate (1.33) 1.362 ± 0.072 a 0.884 ± 0.059 b 0.001
Other compounds
Ac-carnitine (3.20) 0.037 ± 0.002 a 0.045 ± 0.002 b 0.006

AMP (8.28) 0.146 ± 0.007 a 0.115 ± 0.008 b 0.005
Carnitine (3.24) 0.080 ± 0.005 a 0.037 ± 0.002 b 0.002
Creatine (3.94) 1.828 ± 0.136 a 1.431 ± 0.071 b 0.028

Glucose (3.26 and 5.25)* 16.445 ± 0.437 a 17.085 ± 0.592 a 0.504
Myo-inositol (3.65) 6.054 ± 0.039 a 6.067 ± 0.205 a 0.949

Lipid extract

mol % (n = 3) mol % (n = 3)

CHO (0.74) 9.587 ± 0.348 a 6.944 ± 0.533 b 0.036
SFA 38.001 ± 1.430 b 43.088 ± 1.032 a 0.006

DUFA (2.81) 4.200 ± 0.136 a 3.857 ± 0.356 a 0.293
UFA (2.08) 62.000 ± 1.430 a 56.912 ± 1.032 b 0.006

PUFA (2.86) 36.793 ± 0.561 a 34.665 ± 0.633 b 0.027
PC (3.28) 24.703 ± 0.760 a 19.667 ± 0.612 a 0.081
PE (3.21) 14.107 ± 0.152 a 11.989 ± 0.611 a 0.072

SMN (5.76) 6.990 ± 0.239 a 6.200 ± 0.577 a 0.167
a,b Different superscript letters within the same row indicate significant differences (p < 0.05). Abbreviations:Ac-
carnitine: acylcarnitine; AMP: adenosine monophosphate; CHO: cholesterol; SFA: total content of saturated fatty
acids; DUFA: diunsaturated fatty acids; UFA: total content of unsaturated fatty acids; PUFA: polyunsaturated
fatty acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; SMN: sphingomyelin.

3. Results
3.1. Sperm Quality

The sperm quality parameters recorded in freshly collected and frozen–thawed sperm
samples are provided in Figure 1. The cryopreservation process severely affected all of the
measured qualitative parameters. A significant reduction was found in sperm viability,
as assessed by fluorescence microscopy (inset Figure 1a); these values, in fact, were lower
by about 50% in frozen–thawed than in fresh samples (Figure 1a). A similarly remarkable
decrease was observed in the sperm mobility of cryopreserved sperm (Figure 1b). The
sperm osmotic tolerance also suffered from a dramatic decrease, with the values measured
in cryopreserved sperm 40% lower than those measured in fresh samples (Figure 1c).
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Figure 1. Effect of the cryopreservation process on the (a) viability, (b) mobility, and (c) osmotic 
tolerance of turkey sperm. Mean values ± SE (n = 5) of sperm qualitative parameters recorded for 
either fresh or frozen–thawed turkey sperm were reported. (a) Viability values, expressed as %, 
were measured by means of a dual staining technique (as shown in inset) using the stains SYBR-14 
(green, viable cells) and PI (red, dead cells). (b) Mobility values, expressed as Abs 550 nm, were 
measured by the sperm motility test. (c) Sperm osmotic tolerance (SOT) was assessed by the hypo-
osmotic H2O test. For further details, see Methods section. * = p < 0.05. 

  

Figure 1. Effect of the cryopreservation process on the (a) viability, (b) mobility, and (c) osmotic
tolerance of turkey sperm. Mean values ± SE (n = 5) of sperm qualitative parameters recorded for
either fresh or frozen–thawed turkey sperm were reported. (a) Viability values, expressed as %, were
measured by means of a dual staining technique (as shown in inset) using the stains SYBR-14 (green,
viable cells) and PI (red, dead cells). (b) Mobility values, expressed as Abs 550 nm, were measured by
the sperm motility test. (c) Sperm osmotic tolerance (SOT) was assessed by the hypo-osmotic H2O
test. For further details, see Methods section. * = p < 0.05.

3.2. NMR Analysis

To obtain a picture of the metabolite changes due to cryopreservation, water and lipid
soluble components in turkey sperm were identified in NMR spectra using the same NMR
experimental conditions and assignments from our previous study [49]. All identified
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metabolites quantified for both fresh and cryopreserved samples are reported in Table 1.
The identified water-soluble metabolites were the amino acids alanine (Ala), isoleucine
(Ile), phenylalanine (Phe), leucine (Leu), valine (Val), aspartic acid (Asp), glycine (Gly),
tyrosine (Tyr), glutamate (Glu) and glutamine (Gln) and other water-soluble metabolites
such as lactate, acetate, citrate, creatine, acetyl-carnitine (ac-carnitine), carnitine, glucose,
myo-inositol, fumaric acid, formic acid, and adenosine monophosphate (AMP).

Compared with fresh samples, frozen–thawed sperm showed decreased content of
Ala, Ile, Leu, Tyr, Val (p < 0.01), and Phe (p < 0.05), whereas Gly levels proved to increase in
cryopreserved samples. No statistically significant differences were found for Asp, Glu,
or Gln.

Moreover, significant decreases (p < 0.01) in formate, lactate, AMP, carnitine, and
creatine levels were found in frozen–thawed sperm, which also showed increased values
of citrate (p < 0.05) and ac-carnitine (p < 0.01). No significant differences were observed
between fresh and frozen sperm for acetate, fumarate, glucose, or myo-inositol content.

In lipid extract, cholesterol (CHO), the total content of all unsaturated fatty acids (UFA),
diunsaturated fatty acids (DUFA), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), sphingomyelin (SMN), polyunsaturated fatty acids (PUFA), and the total content of
saturated fatty acids (SFA) were identified.

Significantly higher values of CHO, PUFA (p < 0.05), and UFA (0.01) were recorded
in fresh than in frozen–thawed sperm, whereas a higher value of SFA was observed in
the latter samples (p < 0.01). No significant differences between fresh and frozen–thawed
samples were scored for other lipids identified.

3.3. Correlation

In order to study the correlations between sperm quality parameters and the amounts
of the different metabolites, Pearson correlation coefficients were calculated (Table 2).

Table 2. Pearson correlations between sperm qualitative parameters and metabolites identified in
fresh and frozen–thawed sperm of turkey males at 32 weeks of age.

Metabolite
Sperm Variables

Mobility Viability Osmotic Tolerance

Ala 0.867 ** 0.930 ** 0.902 **
Gly −0.770 ** −0.771 −0.802 **
Ile 0.818 ** 0.861 ** 0.908 **

Leu 0.915 ** 0.942 ** 0.962 **
Phe 0.683 * 0.784 ** 0.781 **
Tyr 0.915 ** 0.969 ** 0.972 **
Val 0.871 ** 0.937 ** 0.947 **

Citrate −0.874 ** −0.833 ** −0.815 **
Formate 0.764 * 0.854 ** 0.811 **

Fumarate −0.723 * −0.659 *
Lactate 0.806 ** 0.887 ** 0.830 **

Ac-carnitine −0.740 * −0.695 * −0.689 *
AMP 0.653 * 0.728 * 0.708 *

Carnitine 0.923 ** 0.925 ** 0.957 **
Creatine 0.673 * 0.697 *

CHO 0.907 * 0.884 * 0.876 *
SFA −0.865 * −0.868 *
UFA 0.865 * 0.868 *
PC 0.969 ** 0.882 * 0.884 *
PE 0.851 * 0.870 *

Pearson correlation coefficients were calculated for the sperm qualitative parameters (Figure 1) versus metabolites
detected by NMR (Table 1). Only significant correlation values * at the 0.05 level and ** at the 0.01 level are
reported. Abbreviations:Ac-carnitine: acylcarnitine; AMP: adenosine monophosphate; CHO: cholesterol; SFA:
total content of saturated fatty acids; UFA: total content of unsaturated fatty acids; PC: phosphatidylcholine; PE:
phosphatidylethanolamine.
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Sperm mobility, viability, and osmotic tolerance were positively correlated with Ala,
Ile, Leu, Phe, Tyr, Val, formate, lactate, carnitine (p < 0.01), AMP, CHO, and PC (p < 0.05).
The content of creatine was found to be positively correlated with sperm vitality and
osmotic tolerance (p < 0.05). UFA levels correlated positively with sperm motility and
osmotic tolerance (p < 0.05), and PE content showed positive correlations with sperm
motility and sperm viability (p < 0.05). On the contrary, negative correlations with all
qualitative parameters were found for Gly, citrate (p < 0.01), and ac-carnitine (p < 0.05),
and both fumarate and SFA (p < 0.05) were negatively correlated with sperm motility and
sperm osmotic tolerance.

4. Discussion

Results obtained by sperm quality analysis showed that the freezing–thawing process
caused significant reductions in sperm motility, viability, and osmotic tolerance. These
findings were in accordance with previous reports on avian sperm [14,15,18,54]. In particu-
lar, the post-thaw semen quality measured in this study was similar to that observed in
a previous paper [14]: after thawing, in fact, the returned recovery rates (value found in
cryopreserved semen/value found in the fresh semen × 100) were about 40%, 48%, and
37% for sperm viability, mobility, and osmotic tolerance, respectively.

It is well known that the semen cryopreservation process imposes numerous stresses
not only on the physical features of sperm but on its chemical composition, which in turn
is essential for sperm function, as in the case of energy metabolism, which is known to be
absolutely crucial in supporting sperm motility. Thus, the high sensitivity of turkey sperm
to the cryopreservation process is assumed to be a consequence of the sperm metabolic
profile of this bird (also see [10]). In particular, the first pieces of evidence about changes in
lipid content, cholesterol/phospholipid ratios, and glycoconjugate and ATP content as a
result of semen cryopreservation process have been already reported [18,55,56]. However,
a more exhaustive picture of the sperm metabolic profile before and after cryopreservation
is still lacking. Therefore, in this study, by taking advantage of NMR technique, a relevant
number of metabolites were assessed in both fresh and frozen–thawed spermatozoa in
order to correlate their levels to sperm quality variations.

Data obtained by NMR analysis are discussed separately for each class of compounds.
Amino Acids. We observed a general decrease in amino acid levels in frozen–thawed

sperm, with statistically significant differences for Ala, Ile, Leu, Phe, Tyr, and Val. Hence,
we hypothesize that the reduction in the levels of these amino acids could play a key role
in the reduced quality of post-thaw sperm. This notion is substantiated by the positive
correlations detected here between sperm viability, mobility, and osmotic tolerance and
these amino acids. Thus, it could be hypothesized that increasing the sperm content of
these amino acids could improve the freezability of turkey semen and, consequently, the
post-thaw sperm quality. This is also consistent with previous research involving both
human [40] and other mammalian species [57–62] in which the supplementation of amino
acids was successfully used to improve post-thawing sperm quality. More recently, amino
acid supplementation was successfully checked in chicken [63–66].

To date, the mechanism by which amino acids could provide cryoprotection is not
fully understood and remains unclear [60]. However, some authors have proposed that
amino acids could form a layer over the sperm surface via the electrostatic interaction with
the phosphate group of the sperm plasma membrane phospholipids, acting as a cushion
for damage against ice crystal formation and therefore preventing thermal shock [57]. Thus,
amino acids could also interact with phospholipid bilayers during freezing, allowing stabi-
lization of the cell membrane [2]. In addition, the supplementation of amino acids to semen
diluents can lead to a reduction in the concentration of toxic solutes to levels associated with
lesser toxicity; moreover, some amino acids can protect sperm cells against the denaturing
effects of hyperosmolality during cryopreservation process [2,67]. In accordance with our
results, in a recent study, the supplementation of valine to chicken freezing extenders
resulted in a decrease in DNA fragmentation and a positive effect on the fertilizing ability
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of frozen–thawed sperm, with a better response in a breed that is considered to have the
lowest semen freezability [64].

In addition to the cryoprotective role played by exogenous amino acids as extender
supplementation, putative effects of endogenous amino acids in specific sperm function
should be taken in consideration. It was shown, in fact, that seminal plasma levels of Leu
were higher in high- than in low-fertility bulls [68]; this was proposed to be due to the
action of Leu in modulating active Ca2+ transport across sperm membrane, which would
result in a delay in Ca2+ uptake in ejaculated sperm. Leu was also proposed to be one of the
fertility biomarkers in bovine species [68]. Accordingly, free Leu content in chicken seminal
plasma was positively correlated with sperm viability as well as DNA integrity [69].

Contrary to levels of the majority of detected amino acids, Gly levels increased in
frozen–thawed samples, and a significant negative correlation between its levels and sperm
osmotic tolerance (SOT) was found. This resembles what was already observed in a
previous study, in which a decrease in SOT was associated with increased levels of Gly in
sperm of ageing turkey males [49]. Surprisingly enough, Gly content was also found to be
negatively correlated with sperm motility. This seems to be in contrast with other reports
showing that the addition of Gly to the diluent prevented significant changes in chicken
sperm motility during the freezing–thawing procedure [70]. However, this dissonant result
could be due to differences in metabolism between the two avian species [71], as well as a
different mechanism of action for Gly as a function of its concentration [70]. Nonetheless,
further investigation into the role of amino acids in turkey sperm metabolism should be
carried out in future studies.

Other water-soluble metabolites. Similarly to what was observed for most amino acids,
significant reductions in carnitine, lactate, formate, creatine, and AMP content were found
in cryopreserved sperm.

Furthermore, positive correlations between the aforementioned metabolites and sperm
quality parameters were found, suggesting that these metabolites could somehow be
involved in the decrease in sperm quality occurring in cryopreservation.

It is not surprising that a reduced post-thawed semen quality could be related to low
content of carnitine. It is known, in fact, that carnitine plays a key role in sperm metabolism
by providing readily available energy, thus affecting sperm motility and maturation and
the spermatogenic process [46]. This should be more evident in turkey sperm, which
presents a highly oxidative metabolism [71,72]. Moreover, carnitine has a protective action
against reactive oxygen species (ROS) by exerting antioxidant properties [73,74]. The
results therein were consistent with previous studies reporting that the addition of L-
carnitine in the extender enhanced chicken sperm motility in vitro during liquid storage
and frozen state [2,66,75] and that supplementation of L-carnitine in the diet could improve
drake semen quality [76]. Accordingly, L-carnitine supplementation to freezing extender
improved human sperm motility and vitality and reduced sperm DNA oxidation during
cryopreservation [77].

The reduction in free carnitine levels observed in frozen–thawed sperm could also
be due to the slight, but significant, increase in ac-carnitine levels observed in these sam-
ples, which was correlated with a sperm quality decrease. Since ac-carnitine seems to be
involved in buffering or trapping the excessive production of acetyl-CoA [45], it could be
speculated that as a result of cryopreservation process, overproduction of acetyl-CoA could
occur, which in turn could increase ac-carnitine levels in sperm. In agreement with this
hypothesis, cryopreserved samples also showed an increase in citrate, which derives from
the condensation between oxaloacetate and acetyl-CoA. Thus, in frozen–thawed sperm,
the increases in the amounts of both ac-carnitine and citrate, together with the unvaried
levels of other Krebs cycle compounds such as fumarate, may suggest a reduced capability
of mitochondria to utilize acetyl-CoA through this pathway and/or a reduced capability
of the mitochondrial respiratory chain (linked to the Krebs cycle by its products NADH
and FADH2) to support sperm energy requirement. In this regard, it must be noted that
among avian species, turkey presents a high oxidative metabolism [10]. The high aerobic
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metabolism for this species, in fact, was already reported [78] and further highlighted by
a previous study in which it was found that the stimulation of the cytochrome c oxidase
(complex IV of the respiratory chain) by He–Ne laser light increased post-thaw sperm
motility in turkey, but not in chicken or pheasant [71].

In addition to mitochondrial oxidative phosphorylation, glycolysis constitutes the
other energy source in sperm. In this regard, it was recently reported that water-soluble
extract of quail cloacal gland secretion contained glucose as an energy source for the intrinsic
sperm mobility after transportation to female vagina [79]. However, in partial agreement
with the hypothesis of a cryopreservation-dependent reduction in mitochondrial activity,
here we found no differences in the levels of glucose between fresh and cryopreserved
samples. Thus, in our case, a reduced sperm cell capability of glucose uptake due to
putative impairment of glucose carriers should be ruled out. Contrarily, in other species
such as boars, it was found that the cryopreservation process impaired glucose uptake by
affecting the distribution of glucose transporters, especially GLUT-3 [80], a GLUT family
member that is also present in avians, as shown by proteomic and peptidomic analyses
of chicken sperm [81]. On the other hand, the impairment of the glycolytic pathway as a
result of cryopreservation also seems unlikely in light of the supposed increased acetyl-CoA
production discussed above.

Despite unaltered glucose levels, in cryopreserved samples, a significant reduction
in lactate content was found, which was correlated with the decreased sperm quality in
these samples. This positive corelation is not surprising, since L-lactate was found to play
an active role in sperm bioenergetics because of its mitochondrial metabolism [82,83]. In
particular, because of the occurrence of a mitochondrial L-lactate dehydrogenase [84–86],
mitochondria are able to actively metabolize this substrate for energy purposes [82]. For
this reason, a reduction in sperm energy fuel such as L-lactate in cryopreserved sperm
could be responsible for a decreased sperm quality. Therefore, further investigation of
possible changes occurring in cryopreservation in cytosolic and mitochondrial L-lactate
dehydrogenase (both protein levels and enzyme activities) represents a task to be addressed
in future studies.

Myo-inositol levels were also investigated, since it has been reported that its addition
to sperm could improve sperm motility [87] and mitochondrial membrane potential [88]
(also see [89]). However, as for glucose, no significant variation between fresh and frozen–
thawed sample was found. Thus, myo-inositol should not play a role in the sperm quality
decrease during turkey semen cryopreservation, at least in our experimental conditions.

Another interesting result obtained by analyzing the water-soluble fraction of frozen–
thawed sperm was the decreased AMP content in these samples. This low AMP content
could also partially explain the observed increase in citrate levels, since the Krebs cycle
rate is extremely sensitive to AMP concentration [90]. It is known, in fact, that AMP
acts as a cell energy sensor via the AMP/ATP ratio; its increase is a signal of cell energy
deficiency and leads to activation of the AMP-activated protein kinase (AMPK) [91], a
mechanism well reported also in avian sperm [92]. Thus, the observed reduction in the
levels of AMP in cryopreserved samples is quite surprising, especially in light of the 40-fold
decrease in ATP levels that was already found as a result of the freezing–thawing process
of turkey sperm [56]. In this regard, it must be noted that cell levels of AMP, ADP, and ATP
give rise to the adenylate energy charge; moreover, these compounds are closely related
to each other by the activity of the enzyme adenylate kinase (AK), which catalyzes the
following equilibrium reaction: 2ADP = ATP + AMP. The activity of this enzyme was
reported to allow ADP to partially support sperm motility [93], at least under energetic
stress conditions [94]. Since this scenario seems to occur in turkey sperm cryopreservation,
as evidenced by the dramatic ATP decrease, it could be speculated that a reduction in AK
activity could play a role in the sperm quality decrease. Thus, further investigation into
this aspect (i.e., the occurrence and activity of AK in turkey sperm and its variation during
the freezing–thawing procedure), as well as the detection of ADP levels in sperm before
and after cryopreservation, appears to be mandatory in further studies.
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Lipids. It is widely accepted that lipids are the main component of sperm membrane
and that they are responsible for the fluidity of membrane bilayers [95], which in turn
influences the spermatozoa freezability of different animal species [48,96]. Accordingly, one
study showed that the freezing–thawing process resulted in a rigidifying effect on the sperm
membrane and suggested that sperm adaptability to freezing–thawing-induced stress could
be dependent on its initial membrane fluidity [97]. The same authors argued that the initial
membrane fluidity had practical implications for predicting the response of spermatozoa
following freezing and thawing and for improving the recovery of viable spermatozoa.

Thus, by turning our attention to lipid extract, in this study, we observed significant
reductions in CHO, UFA, PUFA and an increase in SFA in frozen compared with fresh
sperm. In addition, cholesterol was positively correlated with sperm viability, motility, and
osmotic tolerance. This outcome leads us to assume that the reduction in sperm quality after
freezing–thawing could be due to increased spermatozoon membrane rigidity accompanied
by the decrease in the cholesterol/phospholipid ratio. This would be consistent with
previous studies in human [97] and in turkey [18,98] reporting that semen storage and,
more importantly, the freezing–thawing procedure induced a rigidifying process in the
sperm membrane followed by a dramatic decrease in the cholesterol/phospholipid ratio.

Moreover, besides the cholesterol content, membrane fluidity depends on the degree
of saturation of fatty acids in membrane phospholipids [99], since saturated fatty acids are
rigidifying components of the mammalian sperm membranes. The avian sperm membrane
contains more polyunsaturated fatty acids (PUFAs) than mammal sperm and has a lower
protein content, a lower cholesterol/phospholipid ratio, and greater overall fluidity at phys-
iological temperatures [2]. Here, we found an increase in the SFA/UFA ratio occurring in
cryopreservation, since it was 0.62 and 0.75 in fresh and frozen–thawed sperm, respectively.
Thus, we can conclude that, distinctly from semen liquid storage, in which SFA/UFA ratio
was not affected [100], more drastic storage conditions such as cryopreservation strongly
affect the lipid composition, and consequently the fluidity, of turkey sperm membrane. In
this regard, previous studies showed that the lipid composition of avian spermatozoa could
be modified by the diet with subsequent effects on membrane fluidity [22,32,101]. Thus, a
diet inducing a lower SFA/UFA ratio in turkey sperm could be tried out in the future as a
putative way to increase the freezability of avian sperm. At the same time, it must be taken
in consideration that sperm cryopreservation strongly increases ROS production [102,103],
resulting in lipid peroxidation. Therefore, the reduction in sperm quality could also be due
to a membrane destabilization deriving from PUFA peroxidation [98]. Thus, a higher UFA
content in the sperm membrane may not necessarily be the best way to improve sperm
freezability. However, proper knowledge of the relationship between metabolic profile and
the freezability of the spermatozoa remains very interesting in light of the possibility of
modifying the sperm metabolic profile via various factors such as diet manipulation, strain,
and ageing [22,32,33,49].

5. Conclusions

We are confident that the findings reported here provide a valid contribution to the
scientific community, since they returned a clearer scenario of metabolic changes occurring
in turkey sperm cryopreservation. Semen cryopreservation is an important biotechno-
logical strategy used to both preserve and protect genetic resources, which are subject to
increasingly serious reductions in some species, as well as to enhance animal biodiversity
in the case of inbreeding risks. The knowledge of metabolites responsible for the post-
thawing sperm quality decrease allows (i) identifying several biological markers related to
the sperm freezability of male turkey donators and (ii) suggesting a supplementation of
specific metabolites in the diet or in the freezing medium in order to obtain spermatozoa
abler to withstand the freezing process.

In addition, the analytic approach used here, which resorted to the NMR technique to
determine the metabolites involved in semen cryopreservation, constitutes an important
tool that can be applied also to other species, including humans.
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66. Partyka, A.; Rodak, O.; Bajzert, J.; Kochan, J.; Niżański, W. The Effect of L-Carnitine, Hypotaurine, and Taurine Supplementation
on the Quality of Cryopreserved Chicken Semen. BioMed Res. Int. 2017, 2017, 7279341. [CrossRef]

67. Heber, U.; Tyankova, L.; Santarius, K.A. Stabilization and inactivation of biological membranes during freezing in the presence of
amino acids. Biochim. Biophys. Acta Biomembr. 1971, 241, 578–592. [CrossRef]

68. Kumar, A.; Kroetsch, T.; Blondin, P.; Anzar, M. Fertility-associated metabolites in bull seminal plasma and blood serum: 1H
nuclear magnetic resonance analysis. Mol. Reprod. Dev. 2015, 82, 123–131. [CrossRef]

69. Santiago-Moreno, J.; Blesbois, E. Functional Aspects of Seminal Plasma in Bird Reproduction. Int. J. Mol. Sci. 2020, 21, 5664.
[CrossRef]

91



Biology 2022, 11, 642

70. Cerolini, S.; Zaniboni, L.; Mangiagalli, M.G.; Gliozzi, T.M. Effect of glycine on cryopreservation of chicken spermatozoa. Avian
Poult. Biol. Rev. 2007, 18, 65.

71. Iaffaldano, N.; Paventi, G.; Pizzuto, R.; Passarella, S.; Cerolini, S.; Zaniboni, L.; Marzoni, M.; Castillo, A.; Rosato, M.P. The
post-thaw irradiation of avian spermatozoa with He-Ne laser differently affects chicken, pheasant and turkey sperm quality.
Anim. Reprod. Sci. 2013, 142, 168–172. [CrossRef] [PubMed]

72. Iaffaldano, N.; Meluzzi, A.; Manchisi, A.; Passarella, S. Improvement of stored turkey semen quality as a result of He–Ne laser
irradiation. Anim. Reprod. Sci. 2005, 85, 317–325. [CrossRef] [PubMed]

73. Vessey, W.; Saifi, S.; Sharma, A.; McDonald, C.; Almeida, P.; Figueiredo, M.; Minhas, S.; Virmani, A.; Dhillo, W.S.; Ramsay, J.W.;
et al. Baseline levels of seminal reactive oxygen species predict improvements in sperm function following antioxidant therapy in
men with infertility. Clin. Endocrinol. 2021, 94, 102–110. [CrossRef] [PubMed]

74. Vicari, E.S.D.; Calogero, A.E. Effects of treatment with carnitines in infertile patients with prostato-vesiculo-epididymitis. Hum.
Reprod. 2001, 16, 2338–2342. [CrossRef] [PubMed]

75. Tabatabaei, S.; Aghaei, A. Effect of l-carnitine on sperm quality during liquid storage of chicken semen. Comp. Clin. Pathol. 2012,
21, 711–717. [CrossRef]

76. Aldaraji, H.J.; Tahir, A.O. Effect of L-carnitine supplementation on drake semen quality. S. Afr. J. Anim. Sci. 2014, 44, 18. [CrossRef]
77. Banihani, S.; Agarwal, A.; Sharma, R.; Bayachou, M. Cryoprotective effect of l-carnitine on motility, vitality and DNA oxidation of

human spermatozoa. Andrologia 2014, 46, 637–641. [CrossRef]
78. Wishart, G.J. Maintenance of ATP concentrations in and of fertilizing ability of fowl and turkey spermatozoa in vitro. Reproduction

1982, 66, 457–462. [CrossRef]
79. Sasanami, T.; Izumi, S.; Sakurai, N.; Hirata, T.; Mizushima, S.; Matsuzaki, M.; Hiyama, G.; Yorinaga, E.; Yoshimura, T.; Ukena, K.;

et al. A unique mechanism of successful fertilization in a domestic bird. Sci. Rep. 2015, 5, 7700. [CrossRef]
80. Sancho, S.; Casas, I.; Ekwall, H.; Saravia, F.; Rodriguez-Martinez, H.; Rodriguez-Gil, J.E.; Flores, E.; Pinart, E.; Briz, M.D.;

Garcia-Gil, N.; et al. Effects of cryopreservation on semen quality and the expression of sperm membrane hexose transporters in
the spermatozoa of Iberian pigs. Reproduction 2007, 134, 111–121. [CrossRef]

81. Labas, V.; Grasseau, I.; Cahier, K.; Gargaros, A.; Harichaux, G.; Teixeira-Gomes, A.-P.; Alves, S.; Bourin, M.; Gérard, N.; Blesbois, E.
Qualitative and quantitative peptidomic and proteomic approaches to phenotyping chicken semen. J. Proteom. 2015, 112, 313–335.
[CrossRef]

82. Paventi, G.; Lessard, C.; Bailey, J.L.; Passarella, S. In boar sperm capacitation l -lactate and succinate, but not pyruvate and citrate,
contribute to the mitochondrial membrane potential increase as monitored via safranine O fluorescence. Biochem. Biophys. Res.
Commun. 2015, 462, 257–262. [CrossRef] [PubMed]

83. Darr, C.R.; Varner, D.D.; Teague, S.; Cortopassi, G.A.; Datta, S.; Meyers, S.A. Lactate and Pyruvate Are Major Sources of Energy for
Stallion Sperm with Dose Effects on Mitochondrial Function, Motility, and ROS Production. Biol. Reprod. 2016, 95, 34. [CrossRef]
[PubMed]

84. Passarella, S.; de Bari, L.; Valenti, D.; Pizzuto, R.; Paventi, G.; Atlante, A. Mitochondria and L-lactate metabolism. FEBS Lett. 2008,
582, 3569–3576. [CrossRef] [PubMed]

85. Paventi, G.; Pizzuto, R.; Passarella, S. The occurrence of l-lactate dehydrogenase in the inner mitochondrial compartment of pig
liver. Biochem. Biophys. Res. Commun. 2017, 489, 255–261. [CrossRef]

86. Passarella, S.; Paventi, G.; Pizzuto, R. The mitochondrial L-lactate dehydrogenase affair. Front. Neurosci. 2014, 8, 407. [CrossRef]
87. Condorelli, R.A.; La Vignera, S.; Bellanca, S.; Vicari, E.; Calogero, A.E. Myoinositol: Does it improve sperm mitochondrial function

and sperm motility? Urology 2012, 79, 1290–1295. [CrossRef]
88. Condorelli, R.A.; La Vignera, S.; Di Bari, F.; Unfer, V.; Calogero, A.E. Effects of myoinositol on sperm mitochondrial function

in-vitro. Eur. Rev. Med. Pharmacol. Sci. 2011, 15, 129–134.
89. Vazquez-Levin, M.H.; Verón, G.L. Myo-inositol in health and disease: Its impact on semen parameters and male fertility. Andrology

2020, 8, 277–298. [CrossRef]
90. Martínez-Reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 2020, 11,

102. [CrossRef]
91. Hardie, D.G. AMP-activated/SNF1 protein kinases: Conserved guardians of cellular energy. Nat. Rev. Mol. Cell Biol. 2007, 8,

774–785. [CrossRef]
92. Nguyen, T.M.D.; Grasseau, I.; Blesbois, E. New insights in the AMPK regulation in chicken spermatozoa: Role of direct AMPK

activator and relationship between AMPK and PKA pathways. Theriogenology 2019, 140, 1–7. [CrossRef] [PubMed]
93. Vadnais, M.L.; Cao, W.; Aghajanian, H.K.; Haig-Ladewig, L.; Lin, A.M.; AlAlao, O.; Gerton, G.L. Adenine Nucleotide Metabolism

and a Role for AMP in Modulating Flagellar Waveforms in Mouse Sperm1. Biol. Reprod. 2014, 90, 128. [CrossRef] [PubMed]
94. Xie, M.; Zhang, G.; Zhang, H.; Chen, F.; Chen, Y.; Zhuang, Y.; Huang, Z.; Zou, F.; Liu, M.; An, G.; et al. Adenylate kinase 1

deficiency disrupts mouse sperm motility under conditions of energy stress. Biol. Reprod. 2020, 103, 1121–1131. [CrossRef]
95. Sanocka, D.; Kurpisz, M. Reactive oxygen species and sperm cells. Reprod. Biol. Endocrinol. 2004, 2, 12. [CrossRef] [PubMed]
96. Shabani, S.; Mehri, M.; Shirmohammad, F.; Sharafi, M. Enhancement of sperm quality and fertility-related parameters in Hubbard

grandparent rooster fed diets supplemented with soybean lecithin and vitamin E. Poult. Sci. 2022, 101, 101635. [CrossRef]
[PubMed]

92



Biology 2022, 11, 642

97. Giraud, M.N.; Motta, C.; Boucher, D.; Grizard, G. Membrane fluidity predicts the outcome of cryopreservation of human
spermatozoa. Hum. Reprod. 2000, 15, 2160–2164. [CrossRef] [PubMed]
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Simple Summary: The swine industry is constantly looking for efficiency improvement, especially
focusing on the artificial insemination (AI) process. One of the trends in AI centers is to maximize the
number of doses obtained from one ejaculate. Seminal doses are usually prepared with the sperm-rich
fraction or the whole ejaculate, but further studies are needed to understand how to prepare them
properly. Thus, this study aims to analyze how accumulative ejaculate fractions may influence sperm
storage, AI performance, and offspring. The results indicate that the presence of all ejaculate fractions
within seminal doses does not affect either sperm quality or AI performance and offspring health.
Therefore, this study highlights the possibility to use the bulk ejaculate for seminal dose preparation,
leading to successful AI. Additionally, it results in a more time-efficient preparation of a greater
number of seminal doses providing an economic advantage.

Abstract: Boar ejaculate is released in several well-characterized fractions, differing in terms of sperm
concentration, seminal plasma volume, and composition. However, the inclusion of the last part of
the ejaculate for artificial insemination (AI) purposes is still under debate due to its controversial
effects. Thus, there is a need to study the potential synergistic impact of the different ejaculate
fractions. We aimed to evaluate the effect of accumulative ejaculate fractions on sperm conservation,
AI performance, and offspring health. Ejaculates (n = 51) were collected and distributed as follows:
F1: sperm-rich fraction; F2: sperm-rich + intermediate fractions; F3: sperm-rich + intermediate
+ poor fractions. Each group was diluted in a commercial extender, packaged in seminal doses
(2000 × 106 sperm/60 mL), and stored at ~16 ◦C. On day 3 of conservation, sperm were analyzed
and used for AI (n = 174). High sperm quality was observed after storage without a significant
difference between the groups (p > 0.05). Moreover, no differences were obtained for AI performance
(pregnancy and farrowing rates, and litter size; p > 0.05) and offspring health (growth and blood
analysis; p > 0.05). Conclusively, the presence of all ejaculate fractions within the seminal doses does
not impair the reproductive performance, reporting important economic savings according to the
economic model included here.

Keywords: porcine; sperm conservation; ejaculate portions; sperm function; reproduction; litter
performance

1. Introduction

The porcine reproduction industry uses artificial insemination (AI) as the method to
achieve fertilization. This fact implies the preparation of seminal doses from ejaculates of

95



Biology 2022, 11, 210

selected boars, which involves different steps, such as ejaculate collection, semen dilution,
sperm quality control, packaging, distribution, and storage [1]. Today, modern breeding
requires semen production in AI specialized centers, which improves the efficiency and
accuracy of swine reproduction.

Boar ejaculate is characterized for its high volume (250–300 mL; [2]) and pulsatile
ejaculation in well-differentiated fractions. The pre-sperm fraction is discarded because of a
high degree of cell debris, urine, and smegma contamination. Then, the sperm-rich fraction
is emitted, containing most of the spermatozoa of the ejaculates, which is well recognized
by its creamy-white color. Then, the poor fraction is characterized by a lower number of
sperm and high content of seminal plasma (watery aspect) [1,3]. Between the rich and poor
fraction, there is a transition phase called the intermediate fraction in which the aspect is
of a grayish color. Moreover, a gel fraction (tapioca) is expelled progressively during the
intermediate fraction and is always discarded from ejaculate collection.

After obtaining the ejaculate, the process of preparing the seminal doses starts. There is
a certain controversy in the way of preparing AI doses. Various ways of dilution rate/sperm
concentration [4], semen management [5–7], semen conservation [8], or inclusion of seminal
plasma [9] have been proposed. The rich fraction of the ejaculate is the base foundation of
AI dose preparation. However, currently, boar studs are including semi-automatic ejaculate
collectors [10–12] instead of the traditional manual gloved-hand method, where the entire
ejaculate is collected. It is known that boar seminal plasma composition varies depending
on the fraction [2,13,14], which influences sperm conservation. However, other factors in
addition to seminal plasma composition could impact semen conservation, such as seminal
plasma proportion [8,15] or sperm concentration [16,17]. These circumstances with the
ongoing trend towards prolonged storage times and lower sperm numbers per semen
dose [18,19] open, once again, the controversy of the detrimental effect of seminal plasma
inclusion on semen conservation and further fertilization rates [8]. Moreover, the success
of post-cervical AI under farm conditions triggered an increased number of insemination
doses produced per male and, as a consequence, a reduction in the number of boars needed
on the boar stud [20], which elevates the importance of maximizing the efficiency of each
ejaculate.

When semen (comprising seminal plasma and spermatozoa) is deposited into the
female genital tract, not only does a mere transport of the sperm towards the oocyte start,
but an active response is also elicited, including interactions with cells (sperm, oocyte,
epithelial cells, leukocytes, or dendritic cells), organs (female genital tract), and fluids
(seminal plasma, uterine, and oviductal fluids) (reviewed by [21,22]). These responses
and interactions induce changes in the female genital tract [21,23–26] but also have an
impact on embryo development, gene expression [27,28], as well as offspring growth and
metabolism [27]. Given the relevance of seminal plasma exposure on offspring in other
species, it will be important to study the contributions of seminal plasma in the offspring
of porcine species.

The present study aims to evaluate the effect of accumulative fractions of the ejaculate
in seminal doses on in vitro sperm quality during conservation, in vivo reproductive perfor-
mance after AI (fertility and prolificacy) in field conditions, and offspring analysis (growth
and blood assay). Moreover, due to the importance of porcine production worldwide, an
economic study has been included, taking into account the results of the study.

2. Materials and Methods
2.1. Ethics

All of the procedures for this study were approved by the Ethical Committee of the
University of Murcia on 1 June 2020 (PID2019-106380RB-I00). Through the experiments,
animals were handled carefully, avoiding any unnecessary stress. All the experiments were
performed in accordance with relevant guidelines and regulations. The study was carried
out in compliance with the ARRIVE guidelines (https://arriveguidelines.org/ (accessed
on 1 March 2021)).
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2.2. Boars and Semen Collection

The study was performed from March to September of 2021. A total of 6 fertility-
proven boars (Pietrain German Genetics; 30.83 ± 2.63 months of age) showing well-
differentiated ejaculate fractions were used for the experiment. Boars were housed in
individual pens (according to the European Commission Directive for Pig Welfare) with
sawdust in a commercial boar stud (Sergal Gestió Ramadera, Lleida, Spain). Temperature
levels were controlled automatically by a climate control system, which maintained the
temperature in the room between 18–22 ◦C. Boars had a restricted feeding regime according
to their nutritional requirements. Water was available ad libitum.

A total of 51 ejaculates were collected in a pre-warmed thermal cup using the gloved-
hand method. The type of ejaculate depending on the fraction/s included: (1) ejaculate
containing only the rich fraction (one fraction—F1) (n = 17); (2) ejaculate containing rich
fraction (F1) + intermediate fraction (two fractions—F2) (n = 17); (3) ejaculate containing
rich fraction + intermediate fraction + poor fraction (three fractions—F3) (n = 17). The
distribution of the ejaculate type and the number of males is shown in Table S1. For each
extraction, different types of the ejaculate were collected, distinguished by sight: (F1)
composed of the sperm-rich fraction of the ejaculate, characterized by a dense white color.
The collection in this case ended with the transition to a less dense white color; (F2) included
F1 and the transition fraction between rich and poor fractions, which consisted of a less
dense white color of the ejaculate; (F3) included F2 and the poor fraction, characterized by
a water-like liquid aspect. In any case, the pre-sperm phase of the ejaculate was discarded,
and the gel fraction was removed using a filter. During the trial, semen collection was
always carried out by the same technician. The following characteristics of the ejaculates
were recorded: volume (mL), number of sperm (×106) per mL, number of sperm (×109)
per ejaculate, and number of seminal doses per ejaculate (2000 × 106 sperm/60 mL). Sperm
concentration was calculated using an automatic sperm analyzer (Androvision® Minitüb,
Tiefenbach, Germany). Moreover, an estimation of the percentage of seminal plasma per
dose was performed ((volume of ejaculate/n◦ of seminal doses per ejaculate) × 100/60 mL
(volume of seminal dose)).

2.3. Seminal Dose Preparation and Conservation

Semen samples were diluted in AndroStar® Plus extender (Minitüb, Tiefenbach,
Germany) until reaching a final concentration of ~33 × 106 sperm/mL. Semen was pack-
aged in plastic bags (2000 × 106 sperm/60 mL) and color-labeled depending on the type of
seminal doses for a better identification at the lab and farm (F1 was a white-colored label;
F2 was a blue color; F3 was a pink color) (Figure 1A). Semen preparation was carried out
by the same technician during the whole period of the trial. Finally, seminal doses were
kept refrigerated until semen evaluation and AI (Figure 1A,B). The temperature inside the
refrigerator was monitored (AKO group, Barcelona, Spain) every 15 min during the execu-
tion of the trial (from 1 March 2021 to 24 April 2021) (Figure 1C). The average temperature
of the conservation was 16.72 ± 0.72 ◦C (mean ± SD).

2.4. Sperm Analysis

Sperm quality from seminal doses (the same doses used in the AI trial) was evaluated
at day 3 of storage.

2.4.1. Motility Analysis by CASA

Spermatozoa motility and kinetic parameters were analyzed by the Computer Assisted
Semen Analysis (CASA) by ISAS® software (PROiSER R+D S.L., Valencia, Spain) coupled
to phase-contrast microscopy (negative-pH 10× objective; Leica DMR, Wetzlar, Germany)
and a digital camera (Basler Vision, Ahrensburg, Germany). Each sample was warmed at
38 ◦C (heat block CH100, Biosan Laboratories, Inc., Warren, MI, USA) for 10 min before
evaluation. Then, a 4 µL drop of the sample was placed in a prewarmed (38 ◦C) chamber
(20 micron Spermtrack® chamber, Proiser R+D, SL; Paterna, Spain), and at least 3 fields
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per sample were recorded. CASA setting parameters used were 25 frames per second
and particle size area between 10 and 80 mm2. Spermatozoa were considered to be motile
when there was an average path velocity (VAP) > 10 µm/s. Progressive motility was
considered to exist when there was a straightness (STR) > 45%. The variables analyzed
were total motility (%), progressive motility (%), curvilinear velocity (VCL, µm/s), average
path velocity (VAP, µm/s), straight line velocity (VSL, µm/s), amplitude of lateral head
displacement (ALH, µm), percentage linearity (LIN, ratio of VSL/VCL, %), percentage
straightness (STR, ratio of VSL/VAP, %), percentage oscillation (WOB, %), and beat-cross
frequency (BCF, Hz).
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Figure 1. Scheme of the procedures carried out during the study. (A) The collection of the semen
was performed according to the fractions of the ejaculate (F1 = rich fraction; F2 = F1 + intermediate
fraction; F3 = F2 + poor fraction). The seminal doses were prepared for each type of ejaculate and kept
at refrigeration until use. (B) On day 3 of conservation, the seminal doses were used for controlling
the semen quality and for AI. The inseminated sows were diagnosed in pregnancy by ultrasound,
and offspring was evaluated (growth and blood analysis). (C) Seminal doses were conserved in
a temperature-controlled refrigerator during the whole period of the trial (March and April 2021).
Images (A,B) were created on Biorender.com (accessed on 1 March 2021).
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2.4.2. Viability Assay

For spermatozoa viability, the staining solution was prepared with 50 µL of propidium
iodide 500 µg/mL (P-4170 Sigma-Aldrich®, Madrid, Spain) in 10 mL of PBS without
calcium and magnesium (Sigma-Aldrich®, Madrid, Spain). Spermatozoa samples were
incubated with propidium iodide solution for 10 min at room temperature in the dark. For
the evaluation, spermatozoa were observed in transmitted light brightfield and fluorescence
microscopy (Leica® DM4000 Led, Wetzlar, Germany, 495/520 nm) and were classified as
live (without fluorescence) or dead (red fluorescence). At least 200 cells per sample were
counted.

2.4.3. Acrosome Status

For acrosome status, the staining solution was prepared with 100 µL of Arachis
hypogea lectin PNA-FITC 200 µg/mL (Sigma-Aldrich®, Madrid, Spain) in 10 mL of PBS
without calcium and magnesium. Spermatozoa samples were incubated with PNA-FITC
solution for 10 min at room temperature in the dark. For the evaluation, spermatozoa were
observed in transmitted light brightfield and fluorescence microscopy (Leica® DM4000
Led, Wetzlar, Germany, 495/520 nm) and were classified as sperm with intact acrosome
(without fluorescence) or with damaged acrosome (green fluorescence). At least 200 sperm
per sample were counted.

2.4.4. Mitochondrial Activity

For mitochondrial activity, the staining solution was prepared with 10 µL of JC-1
0.017 µg/mL (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide;
ThermoFisher Scientific Inc., Waltham, MA, USA) in 10 mL of PBS without calcium and
magnesium. Spermatozoa samples were incubated with JC-1 solution for 30 min at 38 ◦C
in the dark. For the evaluation, spermatozoa were observed under fluorescence microscopy
(Leica® DM4000 Led, Wetzlar, Germany, 495/520 nm) and were classified as sperm with
high mitochondrial membrane potential (orange fluorescence) or sperm with low mito-
chondrial membrane potential (green fluorescence). At least 200 sperm per sample were
counted.

2.4.5. DNA Fragmentation

For DNA fragmentation, a Halomax kit for Sus scrofa (Halotech DNA, Madrid, Spain)
was used following the manufacturer’s instructions. Agarose was warmed at 100 ◦C for
5 min and then transferred to 37 ◦C for 5 min to equilibrate the temperature. Once agarose
reached 37 ◦C, sperm samples were added to the vials containing agarose (1:2, v/v) and
mixed thoroughly. Then, a 2 µL drop of this suspension was placed onto the slide, covered
with a glass coverslip, and left at 4 ◦C for 10 min to solidify. The coverslip was removed,
and the samples were treated with first lysis solution for 5 min and then distilled water for
5 min. Finally, slides were dehydrated with sequential 70 and 100% ethanol and stained
with red fluorescent stain (HT-RF S100, Fluored®, Halotech DNA, Madrid, Spain). For the
evaluation, spermatozoa were observed under fluorescence microscopy (Leica® DM4000
Led, Wetzlar, Germany, 495/520 nm) and were classified as sperm with unfragmented
DNA (small and compact halo of chromatin dispersion) or with fragmented DNA (large
and spotty halo of chromatin dispersion). At least 200 sperm per sample were counted.

2.5. Estrus Detection and Artificial Insemination (AI)

A total of 174 crossbred sows [Large-White X Landrace, Danbred genetic] from a
commercial sow farm were used for the study (Genera S.L., Lorca, Spain). At weaning,
sows were selected by parity (from 3 to 5; mean parity of 3.74) and body conditions before
being randomly assigned to one of the treatment groups (F1, F2, or F3). The body conditions
of the sows were assessed at the onset of the estrus visually (BC score 1 to 5; 1 was extremely
thin, 5 was extremely fat) and by means of back-fat (BF) and loin depth (LD) measurements.
The back-fat and loin thickness of the sows were measured at the P2 point (6.5 cm from
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the middle line of the last rib) using real-time ultrasound scan equipment with a linear
probe (SF1 wireless BF and LD scanner, Sonivet, Beijing, China). A total of 4 measurements
per animal were carried out (two on the right side and two on the left side) for the two
parameters (BF and LD). After weaning, sows were housed in individual gestation crates
with ad libitum access to water and 4.0 kg feed/day until the first AI.

Estrus detection was performed once a day in the presence of a sexually mature boar
starting on the day of weaning. The weaning-to-estrus interval (WEI) was 4.28 days on
average. AI was performed as previously described [20]. Briefly, sows were inseminated by
a post-cervical AI method at estrus onset and every 24 h during the standing reflex period
(average of 2.55 ± 0.53 inseminations per animal), using a combined catheter-cannula kit
(Soft & Quick®, Tecno-Vet, S.L., Barcelona, Spain). Each sow was inseminated by the same
boar (seminal doses were stored). The seminal doses were composed of 2000 × 106 sperm
in 60 mL. The AI procedure was performed in individual crates. From the first AI until
day 25 of gestation, sows were fed daily with 2.0–3.5 kg (depending on the initial BC score)
of the same gestation feed. From day 25 until the entry to farrowing, all sows received
2.0 kg/day. From the day of farrowing, sows were fed with 1.0 kg/day, increasing the
ration by 1 kg/day until maximum (8 kg/day).

2.6. Return to Estrus and Pregnancy Diagnosis

Fertility parameters were monitored with return-to-estrus starting at day 18 after the
first insemination by boar exposure, while an experienced worker applied back pressure
in search of a standing reflex. Sows showing estrus signs were considered non-pregnant.
Moreover, pregnancy was detected by ultrasound 23–28 days after insemination by transab-
dominal ultrasonography (Echoscan T-300 S, Barcelona, Spain). Pregnant sows were then
housed in pens with 8–10 sows/pen.

2.7. Farrowing and Litter Performance

Pregnant sows were moved from gestation facilities to the farrowing crates at 110 days
of gestation. At farrowing, the following reproductive parameters were recorded: far-
rowing (%), gestation length (days), the total number of piglets born, and the number of
piglets born alive. Moreover, the fecundity index (total number of live piglets born per
100 inseminations) was calculated (farrowing rate multiplied by the number of live piglets
born per litter).

2.8. Offspring Growth Parameters

Body weight (kg) was evaluated at day 1 and 21 of life (weaning) using a precision
scale (ZMISSIL F1-30). Moreover, daily weight gain (DWG, kg) was calculated as follows:
weight at day 21—weight at day 1/days from first to second weight measured (21 days).

2.9. Blood Collection and Analysis

A total of 81 piglets (41 females and 40 males) from 3 experimental groups were
randomly selected and used for blood analysis. Blood samples (about 4–5 mL) were
collected (7 days after piglet born) by venipuncture of the jugular vein using a Vacutainer
system (BD Vacutainer® 21G 0.8 × 25 mm needle; BD Vacutainer), including lithium
heparin tubes. After collection, blood samples were transported to the lab within 1 h in a
porexpan box and kept at refrigeration (4 ◦C) until analysis (within 18 h after collection).
The hematological analysis was performed using analyzer equipment (Siemens ADVIA®

120, Holliston, MA, USA), while the biochemical serum parameters were evaluated by the
Olympus AU600 and Mindray BS-200E analyzers.

The hematological parameters analyzed were hematocrit (HCT, %), concentration of
erythrocytes (RBC, ×106 cells/µL), hemoglobin (HB, g/dL), mean corpuscular volume
(MCV, fL), mean corpuscular hemoglobin (MCH, pg), mean corpuscular hemoglobin
concentration (MCHC, g/dL), cell hemoglobin concentration mean (CHCM, g/dL), red cell
volume (RDW, %), cellular hemoglobin content (CH, pg), cellular hemoglobin distribution
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width (CHDW, g/dL), hemoglobin concentration distribution width (HDW, g/dL), white
blood cells (WBC, ×103 cells/µL), neutrophils (NEU, % and ×103 cells/µL), lymphocytes
(LYM, % and ×103 cells/µL), monocytes (MON, % and ×103 cells/µL), eosinophils (EOS,
% and ×103 cells/µL), basophils (BAS, % and ×103 cells/µL), platelet indices (platelet (PLT,
×103 cells/µL), platelet crit (PCT, %), mean platelet volume (MPV, fL), platelet distribution
width (PDW, %), mean platelet volume component concentration (MPC, g/dL), platelet
component distribution width (PCDW, g/dL), mean platelet mass (MPM, pg), platelet mass
distribution width (PMDW, pg), and large platelets (large PLT, ×103 cells/µL)) as well as
reticulocyte indices (reticulocytes (RET, % and ×106 cells/µL), average size of reticulocytes
(MCVr, fL), and average hemoglobin content of reticulocytes (CHr, pg)).

The biochemical serum parameters analyzed were proteins (PRO, g/dL), albumin
(ALB, g/dL), globulin (GLO, g/dL), creatinine (CR, mg/dL), urea (URE, mg/dL), glu-
cose (GLU, mg/dL), cholesterol (CHOL, mg/dL), triglycerides (TRI, mg/dL), lipase (LIP,
UI/L), creatine kinase (CK, UI/L), alkaline phosphatase (ALP, UI/L), gamma-glutamyl
transferase (GGT, UI/L), aspartate aminotransferase (AST, UI/L), alanine aminotransferase
(ALT, UI/L), total bilirubin (TBIL, mg/dL), calcium (Ca, mg/dL), potassium (K, mmol/L),
sodium (Na, mmol/L), and chlorine (Cl, mmol/L).

2.10. Statistical Analysis

Statistical analyses were performed with the SPSS 24.0 software package (IBM SPSS
Inc., Chicago, IL, USA). Ejaculate characteristics and semen quality parameters were
analyzed for normality by a Kolmogorov–Smirnov test, which showed that all parameters
had a normal distribution, except the percentage of seminal plasma per dose. A one-way
ANOVA test followed by a post hoc Tukey test was applied. For the variable, which
data were not normally distributed, the non-parametric Kruskal–Wallis test was used.
Data are represented as the mean ± SD (standard deviation) for ejaculate parameters
and means ± SEM (standard error of the mean) for sperm parameters. Differences were
considered significant when p < 0.05.

For body condition, parity, and weaning-to-estrus interval, the non-parametric Kruskal–
Wallis test was used. Regarding BF, LD, number of inseminations, gestation period, total
and live-born piglets, fecundity index, weight at day 1 and day 21, and DWG, the assump-
tion of normality was evaluated by a Kolmogorov–Smirnov test. All these variables were
not normally distributed, and the non-parametric Kruskal–Wallis test was used. Concern-
ing pregnancy and farrowing rates, a Chi-square test was used for comparison between
experimental groups. The results obtained are presented as the mean ± SD, and differences
were considered statistically significant when p < 0.05.

For blood parameters, the assumption of normality was evaluated by a Kolmogorov–
Smirnov test. When normality was fulfilled (RBC, MCH, CHCM, CHDW, WBC, NEU%,
LYM, MPC, PCDW, PMDW, RET, MCVr, CHr, PROT, ALB, CR, GLU, CHOL, TRI, AMI,
GGT, Ca, K), a one-way ANOVA test followed by a post hoc Tukey test was applied. For
those variables which data were not normally distributed, the non-parametric Kruskal–
Wallis test was used. The results are represented as the mean ± SD. Values were considered
significantly different when p < 0.05.

3. Results

The results of the ejaculate characteristics are depicted in Table 1, showing significant
differences between groups in all of the parameters studied. The number of sperm per
mL was significantly higher in the F1 group in comparison with F2 and F3, with F2 being
statistically greater than F3. The total number of sperm per ejaculate and the number
of seminal doses prepared per each type of ejaculate were statistically greater in F3 than
F1, while F2 was similar to both. Having an estimation of six ejaculate collections per
boar/month (data provided by a commercial boar stud), the use of F3 had an increase
of seminal dose production of 24.16% per month compared to F1, while the use of F2
supposed an increase of 11.18%. After seminal dose preparation, semen was stored for
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3 days before in vitro evaluation. Sperm quality did not show significant differences
between the experimental groups (Table 2). All the parameters evaluated remained on a
high level throughout 3 days of storage (e.g., total motility ranged from 89.11 ± 0.79% to
90.89 ± 0.92%; mitochondrial activity from 91.79 ± 0.34% to 92.37 ± 0.38%).

Table 1. Characteristics of the ejaculates from 6 boars used in the experiment. Data are represented
as the mean ± SD (standard deviation).. The number of ejaculates evaluated per group (F1, F2, F3) is
indicated between brackets.

F1
(n = 17)

F2
(n = 17)

F3
(n = 17) p-Value

Volume (mL) 102.35 ± 33.12 a 157.35 ± 31.87 b 308.23 ± 126.36 c <0.0001
N◦ of Sperm/mL

(×106) 540.94 ± 153.68 a 384.58 ± 119.29 b 241.05 ± 96.94 c <0.0001

N◦ of Sperm/ejaculate
(×109) 52.08 ± 11.20 a 57.90 ± 13.03 ab 64.67 ± 11.19 b 0.012

N◦ of seminal
doses/ejaculate 26.04 ± 5.60 a 28.95 ± 6.51 ab 32.33 ± 5.59 b 0.012

Seminal plasma per
dose (%) * 7.91 ± 3.76 a 9.15 ± 2.92 ab 15.19 ± 7.42 b <0.0001

* The percentage of seminal plasma per dose was estimated as follows: (volume of ejaculate/n◦ of seminal doses
per ejaculate)× 100/60 mL (volume of seminal dose). Different letters (a,b,c) in the same row indicate a significant
difference between experimental groups (p < 0.05)

Table 2. Spermatozoa quality parameters from different accumulative ejaculate fractions (F1, F2, F3)
analyzed after 3 days of storage at ~16 ◦C. Data are expressed as the mean ± SEM (standard error of
the mean).

F1
(n = 17)

F2
(n = 17)

F3
(n = 17) p-Value

Total motility (%) 90.89 ± 0.92 90.32 ± 0.68 89.11 ± 0.79 0.65
Progressive motility (%) 37.53 ± 1.27 35.42 ± 1.89 39.16 ± 1.41 0.61

VCL (µm/s) 61.68 ± 2.72 59.26 ± 2.65 55.00 ± 1.54 0.50
VSL (µm/s) 22.32 ± 0.84 21.53 ± 0.85 23.00 ± 0.73 0.76
VAP (µm/s) 39.32 ± 1.50 38.32 ± 1.06 37.53 ± 0.93 0.82
ALH (µm) 1.95 ± 0.09 2.00 ± 0.06 1.89 ± 0.04 0.82

LIN (%) 38.26 ± 1.69 38.53 ± 1.75 42.53 ± 1.34 0.48
STR (%) 58.16 ± 1.62 57.00 ± 1.83 61.79 ± 1.51 0.47

WOB (%) 64.63 ± 1.25 66.32 ± 1.19 68.68 ± 0.97 0.35
BCF (Hz) 7.26 ± 0.15 6.79 ± 0.14 6.79 ± 0.11 0.24

Viability (%) 93.05 ± 0.25 92.89 ± 0.30 92.11 ± 0.27 0.32
Acrosome integrity (%) 95.16 ± 0.19 94.74 ± 0.23 94.32 ± 0.21 0.27

Mitochondrial activity (%) 92.37 ± 0.34 92.37 ± 0.38 91.79 ± 0.34 0.74
DNA fragmentation (%) 0.42 ± 0.09 1.11 ± 0.28 0.68 ± 0.15 0.33

Inseminated sows showed similar body parameters (BD, BF, LD) in all three experi-
mental groups (Table 3). Moreover, parity and weaning-to-estrus interval (which ranged
from 3.72 ± 0.74 to 3.76 ± 0.76 and from 4.21 ± 0.99 to 4.33 ± 0.98 days, respectively)
showed no significant differences between the groups (Table 3). A total of 58 sows were
inseminated per group, with no significant differences found between them, both in terms
of gestation length (which ranged from 115.82 ± 1.09 to 116.02 ± 1.39 days) as well as
pregnancy rate and farrowing rate (which ranged from 92.98% to 96.55% and from 82.46%
to 89.66%, respectively) (Table 4). Additionally, in analyzing total and live-born piglets, no
significant differences were observed, comparing the different types of seminal doses used
(Table 4). When the fecundity index was calculated, it was similar between the groups, with
a range from 1517.32± 466.68 to 1589.60± 320.15 piglets born alive. The results concerning
the weight of piglets at days 1 and 21 after birth, and DWG are shown in Table 5. The
weight at days 1 and 21 did not show significant differences between the groups, as well as
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the DWG, which ranged from 0.160 ± 0.059 kg to 0.167 ± 0.052 kg. Furthermore, the blood
parameters evaluated in the offspring, including hematological and biochemical analyses,
were statistically similar between the experimental groups (Tables S2–S5).

Table 3. Body condition score, back-fat thickness, loin depth, parity, and weaning-to-estrus interval
(mean ± standard deviation) in sows from three experimental groups (F1, F2, F3).

Experimental
Group

Sows
(n)

Body Condition Score
(1–5) Back-Fat (mm) Loin Depth

(mm) Parity Weaning-to-Estrus
Interval (Days)

F1 58 2.67 ± 0.66 11.33 ± 3.89 45.19 ± 7.12 3.76 ± 0.76 4.33 ± 0.98
F2 58 2.67 ± 0.66 11.24 ± 3.68 45.42 ± 7.78 3.74 ± 0.74 4.21 ± 0.99
F3 58 2.62 ± 0.59 11.57 ± 3.98 45.76 ± 7.04 3.72 ± 0.74 4.31 ± 0.90

Table 4. Pregnancy rate (%), farrowing rate (%), total litter size, live-born piglets, and fecundity index
(mean ± standard deviation) in inseminated sows from three experimental groups (F1, F2, F3).

Experimental
Group

Sows
(n)

Number of
Inseminations per

Sow

Pregnancy
Rate
(%)

Farrowing
Rate
(%)

Total Born
Piglets (n)

Live-Born
Piglets (n)

Fecundity Index *
(n)

F1 58 2.50 ± 0.50 92.98 82.46 22.57 ± 4.73 18.45 ± 4.81 1521.12 ± 396.89
F2 58 2.62 ± 0.52 96.55 89.66 20.50 ± 6.50 16.92 ± 5.20 1517.32 ± 466.68
F3 58 2.53 ± 0.57 96.55 84.48 21.86 ± 4.28 18.82 ± 3.79 1589.60 ± 320.15

* Fecundity index was calculated as follows: farrowing rate multiplied by the number of live-born Piglets
per litter.

Table 5. Weight at day 1 (kg), weight at day 21 (kg), and daily weight gain (DWG, kg) of piglets
derived from inseminated sows from three experimental groups (F1, F2, F3). Data are represented as
the mean ± SD (standard deviation).

Experimental
Group

Number of Piglets
(Male/Female)

(n)

Weight at Day 1
(kg)

Weight at Day
21

(kg)

DWG *
(kg)

F1 611 (273/238) 1.363 ± 0.348 4.916 ± 1.200 0.167 ± 0.052
F2 672 (299/289) 1.392 ± 0.340 4.792 ± 1.279 0.160 ± 0.059
F3 626 (278/282) 1.418 ± 0.349 4.837 ± 1.275 0.162 ± 0.056

* DWG was calculated as follows: weight at day 21—weight at day 1/days from first to second weight measured
(21 days).

Moreover, an economic study was performed, comparing the three experimental
groups. This study showed lower costs for seminal doses prepared with F3 (3.18 €) com-
pared to F1 and F2 (3.91 and 3.54 €, respectively) (Table 6). Additionally, F3 showed a
seminal dose cost reduction per inseminated sow and piglet born alive compared to F1 and
F2 (Table 7).

Table 6. Calculation of a seminal dose cost depending on the ejaculate fraction/s included (F1 vs. F2
vs. F3).

F1 F2 F3

Fixed costs (€) 1 3.172 2.853 2.555
Variable costs (€) 2 0.315 0.284 0.254

Consumable costs (€) 3 0.425 0.403 0.371
Dose packaging (€) 0.096 0.096 0.096

Extender (€) 0.076 0.075 0.067
Osmotized water (€) 0.050 0.049 0.044

PCR (€) 0.203 0.182 0.163
Seminal dose cost (60 mL) (€) 4 3.91 3.54 3.18
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Table 6. Cont.

F1 F2 F3

Costs difference (%) 0.00 −9.53 −20.77
1 Fixed costs include the workers’salary, energy, amortization facilities, boars, and others. Fixed costs of a boar per
month are estimated at 495 €. Fixed cost per ejaculate fraction was calculated as: number of seminal doses per
boar and month/cost of a boar per month (495 €). The number of seminal doses/boar/month was calculated
as: n◦ of seminal doses per ejaculate (data included in Table 2) × 6 (number of collections per month). Data
based on a real boar stud. 2 Variable costs: feed, medication, and sawdust. Variable costs of a boar per month are
estimated at 49.26 €. Variable costs per ejaculate fraction were calculated as: number of seminal doses per boar
and month/cost of a boar per month (49.26 €). The number of seminal doses/boar/month was calculated as: n◦

of seminal doses per ejaculate (data included in Table 2) × 6 (number of collections per month). Data based on a
real boar stud. 3 Calculated as: dose packaging + extender + osmotized water + PCR (for detection of PRRS virus).
4 Calculated as: Fixed costs + variable costs + consumable cost.

Table 7. Economic comparison between ejaculate fraction/s included in the seminal dose (F1 vs. F2
vs. F3) in terms of cost reduction per AI and piglet born alive.

F1 F2 F3

Number of sows inseminated 100 100 100
Number of AI/sow per estrus 1 2.55 2.55 2.55

Seminal dose cost (€) 2 3.91 3.54 3.18
Seminal dose cost/100 inseminated

sows (€) 3 997.05 902.70 810.90

Piglets born alive/100 inseminated sows
(€) 4 1521 1517 1589

Seminal dose cost reduction/100
inseminated sows (€) # 0 94.35 † 186.15 ††

Cost reduction/inseminated sow (€) # 0 0.94 ¥ 1.86 ¥¥

Cost reduction/piglet born alive (€) # 0 0.06 * 0.12 **
1 Average of AIs per sow performed in our study. 2 Calculated in Table 6. 3 Calculated as: number of AIs (100) ×
number of AI/sow (2.55) × seminal dose cost. 4 Data collected from our study (Table 4). # Calculated based on F1
as the seminal dose type reference. † Calculated as: seminal dose cost per 100 inseminated sows using F1—seminal
dose cost per 100 inseminated sows using F3. †† Calculated as: seminal dose cost per 100 inseminated sows using
F1—seminal dose cost per 100 inseminated sows using F2. ¥ Calculated as: seminal dose cost reduction per 100
inseminated sows using F2/100. ¥ ¥ Calculated as: seminal dose cost reduction per 100 inseminated sows using
F3/100. * Calculated as: seminal dose cost reduction per 100 inseminated sows using F2/piglets born alive per
100 inseminated sows using F2. ** Calculated as: seminal dose cost reduction per 100 inseminated sows using
F3/piglets born alive per 100 inseminated sows using F3.

4. Discussion

Nowadays, the preparation of seminal doses is a crucial step in the swine industry
since AI is the dominant form of breeding. However, some aspects of its management are
still controversial. Previous reports have been focused on the study of the boar ejaculate
fractions per separate, claiming a negative impact of the poor fraction inclusion on sperm
features. However, the synergy of different boar ejaculate fractions has yet to be elucidated.
The present study indicates that under our conditions, the inclusion of the total fractions of
the ejaculate in seminal doses does not impair sperm conservation, fertility, prolificacy, nor
offspring performance.

Commonly, the rich fraction of the ejaculate, but not the poor fraction, is collected and
processed for seminal doses. This process was established because the inclusion of the poor
fraction to the seminal doses had a controversial effect during sperm conservation [2,20],
suggesting negative impact upon sperm characteristics. However, the incorporation of
the semi-automatic ejaculate collection, where the poor fraction is also collected, has
again opened this debate. Our results have demonstrated that the inclusion of the total
fractions of the ejaculate (rich, intermediate, and poor) did not affect the sperm quality
during conservation at 16 ◦C. With the inclusion of the total ejaculate, the percentage of
seminal plasma in the seminal doses increased in comparison with the single use of the
rich fraction (~15% vs. ~8%; Table 1). Previous studies have reported a deleterious effect
on sperm quality when a high proportion of seminal plasma is present during sperm
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conservation [9,15]. The inclusion of 10% of bulk seminal plasma reduced the total sperm
motility in comparison with a lower level (0.5 and 5%) from the third day of conservation
onwards [9]. This result contrasts ours, where a high sperm quality (~90% of total motility)
was observed when a high proportion of seminal plasma was present (which ranged from
~8 in F1 to ~15% in F3), although no comparison has been established using lower levels
of seminal plasma. Moreover, the sperm concentration used in both studies was different
(18 × 106 vs. 30 × 106 sperm/mL), with the diluted semen being more susceptible to the
putative adverse effect of seminal plasma [15]. The variations found between the studies are
not surprising, considering that many factors can affect the outcome of semen processing
and composition. The semen quality after medium–long term storage of sperm should
not reduce the fraction of ejaculate or the proportion of seminal plasma used, as there are
other factors that play an important role, such as semen processing [29,30] or the type of
extender used [8,9,31]. The extender used in our study is recommended for medium-term
conservation, which can aid in conserving the sperm quality when different seminal plasma
proportions and fraction origin are used. Furthermore, the seminal plasma proteins not
only vary between fractions of the ejaculates [13,14], but there are also inter-breed [32] and
inter-male variations [33]. In our case, no male effect was observed. It could be that such
variations may have been mitigated by the type of extender used, as previously reported by
other authors [9], or there is also the chance that the six boars included in the study present
a similar performance.

Although no effect on sperm features has been observed during storage using different
accumulative ejaculate fractions, the situation in vivo is far from the in vitro analysis. It
is known that seminal plasma influences the transition of the sperm through the female
genital tract upon deposition [34] and interacts with the female reproductive fluids [22].
Particularly, seminal plasma proteins are involved during these interactions. For instance,
AWN spermadhesins and PSP-I/PSP-II heterodimer, mostly abundant in the sperm-rich
and poor fraction respectively, adhere to the sperm surface [13]. These proteins are involved
during the interaction between sperm and uterine epithelium and fluid, as well as during
sperm–zona pellucida binding [22,35]. However, PSPs seem to have a controversial effect,
inducing a higher migration of leukocytes within the female reproductive tract [36]. For this
reason, the poor fraction is supposed to exert a negative effect on the fertility outcome with
respect to the sperm-rich fraction [37]. However, our data showed that the poor fraction
combined with other ejaculate fractions (F3) leads to similar fertility outcomes compared
with F1 and F2. Thus, seminal plasma volume and composition used seem to have neither a
beneficial nor a harmful effect on pregnancy and farrowing rate, probably because this effect
may be mitigated by the simultaneous presence of each ejaculate fraction. Nevertheless,
there are controversial studies where the fertility rate and the number of embryos were
higher in the presence or absence of seminal plasma [17,38]. Based on our findings, they do
not mean that the seminal plasma is not acting in some way in sperm modulation during
their transit towards the oocyte because the total absence of seminal plasma is not included
in our experimental groups. However, they may indicate that seminal plasma present in
F1, F2, and F3 is acting similarly for pregnancy and prolificacy. In fact, the infusion of
seminal plasma from the entire ejaculate before insemination resulted in a higher number of
collected embryos compared to the infusion of phosphate buffer saline as a control [39]. It
is known that seminal plasma stimulation of the female tract is not essential for pregnancy
success in a pig, but in animals showing poor reproductive performance or less optimal
breeding, this fluid can improve reproductive outcomes (reviewed by [21]). Thus, further
studies directed to compare F1, F2, and F3 within sows with low reproductive features
could elucidate whether the seminal plasma fractions could impact the pregnancy and the
number of piglets born.

Likewise, the seminal plasma according to the fractions present in the seminal doses
did not influence the offspring’s health. However, evidence suggesting that paternal factors
(e.g., seminal plasma) may influence the offspring are emerging [21,27]. This is relevant
in assisted reproduction techniques, such as porcine AI, where semen is diluted, reducing

105



Biology 2022, 11, 210

the components of this fluid; the addition of extra seminal plasma could improve the
outcomes. Although studied in other species, the impact of female responses to seminal
plasma in the offspring’s health has not been evaluated in porcine yet. In our case, the type
of seminal doses not only differed between them in protein and metabolite composition
(as indicated by other studies; [13,14,40]), but also in the percentage of plasma. However,
when the piglets born were evaluated for growth and blood analyses, no differences were
found between the three experimental groups, indicating a possible lack of influence by
the composition and/or percentage of seminal plasma present in the semen doses used.
Therefore, we have tested the effect of the seminal plasma depending on the fractions
collected from a practical point of view for the swine industry because ejaculates are not
devoid of seminal plasma during processing.

Our results indicate that the inclusion of the entire ejaculate in the seminal doses has no
detrimental effect in the different stages of swine production, such as sperm conservation,
AI, and offspring health. This implies not only benefits from the collection method as
mentioned, but also has positive implications on/in the environment and from an economic
point of view. At the time of AI, seminal doses are deposited within the female reproductive
tract, and a phenomenon consisting of semen loss through the vulva, named backflow,
occurs [41,42]. During the semen backflow, part of the extender, which includes antibiotics,
reaches the liquid manure [43]. Using the F3 for seminal dose production includes the
addition of less extender and, in consequence, fewer antibiotics. Thus, fewer antibiotics
will reach the purine through the backflow, helping to reduce the antimicrobial resistance.
Antimicrobial resistance is among the most serious public health threats of the 21st century,
with a great impact in terms of One Health (reviewed by [44]). In our seminal doses coming
from F3, no bacterial growth was observed at day 3 of storage (data not shown). This fact
opens the possibility of reducing the amount of antibiotic used because less extender is
needed to process these seminal doses. Furthermore, the protein deoxyribonuclease-2-
alpha, an acid endonuclease secreted by male accessory glands, is more highly expressed in
the poor ejaculate fraction than in previous fractions [13], providing a bactericide activity
protecting sperm in the transit along the female genital tract [45]. On the other hand, the
economic impact of incorporating the bulk ejaculate (F3) versus other initial fractions (F1
or F2) on seminal doses has been evaluated, considering the results obtained in our study
(Tables 6 and 7). The use of F3 in seminal doses would ensure important savings. Taking
into account fixed, variable, and consumable costs (Table 6), the inclusion of F3 leads to a
cost reduction compared to F1 and F2. Our analysis reveals that a dose’s cost of F3 could
save 0.73 € and 0.36 € in comparison with F1 and F2, respectively. Moreover, obtaining the
bulk ejaculate increases the number of sperm collected and, in consequence, the number
of doses and therefore the cost of doses processing per collection. This leads to a more
efficient use of the boars, increasing the returns on investment, utilization efficiency, and
profitability of the system by reducing the boar cost. Even more, the estimation savings
per inseminated sow (considering 2.55 AIs per estrus) using F3 compared to F1 are 1.86 €
(Table 7). Extrapolating to the piglet born alive (considering the fecundity index obtained
for each group) involves a reduced cost of 0.06 € and 0.12 € per piglet for F2 and F3
compared with F1.

5. Conclusions

In conclusion, considering all the information reported here, our findings demonstrate
that the inclusion of seminal plasma from the entire ejaculate in seminal doses has similar
outcomes in terms of sperm conservation, reproductive performance, and piglet develop-
ment than when only the rich fraction of the ejaculate is used. Moreover, an efficient use
of the boar ejaculate increases the return investment, reduces the use of antibiotics, and
reduces the cost per insemination and piglet production, which is of great importance for
the swine industry.
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Simple Summary: Efficient collection and cryosurvival of semen from threatened wildlife species is
key for the success of artificial reproductive technologies (ARTs). The viscous nature of ejaculates
often collected from species such as rhinoceros, elephant, hippopotamus and primate, render the
majority of spermatozoa collected useless and is therefore wasted. The enzyme papain has been used
to reduce the viscosity of camelid semen but has yet to be tested in wildlife species. Therefore, the
current study investigated the ability of papain to improve the yield and quality of spermatozoa
collected from viscous fractions of the rhinoceros ejaculate during cryopreservation. Papain increased
the quantity of useable spermatozoa collected from ejaculates, as well as the motility prior to freezing.
It also improved the post-thaw motility, velocity, linearity and straightness of samples compared
to spermatozoa frozen from the sperm-rich fraction of the ejaculate. There was no detrimental
effect on membrane characteristics or DNA integrity. These results show that treating rhinoceros
ejaculates with papain is able to salvage valuable spermatozoa and improve survival post-thaw,
ultimately increasing the success of ARTs and creation of biobanks for the maintenance and survival
of threatened species.

Abstract: The preservation of rhinoceros semen is vital for captive breeding programs. While
successful collection and cryopreservation of rhinoceros semen has been reported, the volume
and quality of semen produced is often low due to the high viscosity associated with ejaculates
collected via electroejaculation. Reducing semen viscosity would enable access to previously unusable
spermatozoa from viscous fractions and could improve quality post-thaw. The enzyme papain
successfully reduced the viscosity of camelid semen but has yet to be tested in wildlife species. This
study assessed the influence of papain on the in vitro quality of rhinoceros spermatozoa during
cryopreservation using advanced semen assessment. In experiment 1, the motility of spermatozoa
from the viscous fraction of an ejaculate, either untreated or treated with papain and its inhibitor E-64
prior to cryopreservation, was assessed post-thaw. In experiment 2, spermatozoa from papain-treated
viscous fractions were compared to spermatozoa frozen from untreated sperm-rich fractions pre-
freeze, as well as after 0, 1.5 and 3 h of incubation post-thaw (37 ◦C). Papain significantly increased
the quantity of spermatozoa collected from ejaculates, as well as the motility prior to freezing. Papain
also improved the post-thaw motility, velocity, linearity and straightness of samples compared to
sperm-rich samples, with no detriment to sperm viability, lipid membrane disorder, production of
ROS or DNA integrity (p < 0.05). Results show the benefit of supplementing rhinoceros spermatozoa
with papain prior to cryopreservation on sperm cryosurvival and demonstrates the potential of using
papain to improve the success of cryopreservation protocols, not only for the rhinoceros, but also for
other wildlife species.
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1. Introduction

Current numbers of white, black, greater one-horned, Sumatran and Javan rhinoceros
in situ of 10000, 3100, 2200, 30 and 18 adult individuals, respectively [1], emphasise the
importance of captive breeding programs for the maintenance of genetic diversity and sur-
vival of these species [2–4]. Furthermore, it highlights the need for continued development
of advanced assisted reproductive technologies (ARTs) to increase the likelihood of success.
In this context, efficient collection and cryopreservation of spermatozoa play an important
role for artificial breeding programs, in vitro production of embryos and long term genetic
biobanking for safeguarding the species survival.

The first successful report of semen cryopreservation in the rhinoceros was published
in 1979, reporting a sperm motility of less than 30% post-thaw [5]. Following the adapta-
tion of equine protocols, motilities post-thaw increased to 55% [6–9], siring the first calf
with frozen sperm in 2008 [6]. Since this time, work has continued to try to improve
the success of cryopreservation protocols for all rhino species, improving the quality and
quantity of spermatozoa post-thaw [10]. Consequently, extensive development of freezing
extenders with different cryoprotectants and freezing rates has determined that freezing
rhinoceros spermatozoa in ButoCrio® supplemented with glycerol and methylformamide
above liquid nitrogen vapour can yield a post-thaw sperm motility of 75.6 ± 3.9% [11]. The
presence of seminal plasma has also been investigated during the freezing protocol, with
no significant improvements in motility post-thaw noted, if seminal plasma was removed
via centrifugation from sperm-rich fractions prior to cryopreservation [11]. Despite these
major developments, the use and success of cryopreservation protocols in the rhinoceros is
limited by the quality and quantity of the original ejaculate produced [12]. Semen collec-
tion in the rhinoceros is predominantly collected via electroejaculation (EJ) [12,13] under
anaesthesia [14]. While the development of ultrasonography and species-specific stimu-
lation probes for EJ have resulted in a greater understanding of rhinoceros reproductive
anatomy [13,15,16], creating greater consistency in the number of successful collections,
the variability in semen quality associated with these collections is often still high [12].
Depending on the duration of accessory sex gland stimulation, the volume and com-
position of seminal plasma contributing towards the ejaculate can vary [12,13,17]. The
ejaculate is collected in 1–6 fractions, with the first 1–2 deemed “sperm-rich” containing
the highest concentration of viable sperm. This is followed by subsequent fractions con-
taining large amounts of seminal plasma but lower sperm concentration [12]. In fact, the
increasing degree of viscosity in fractions collected after the first, low volume sperm-rich
fraction, is a characteristic not only of rhinoceros ejaculates [15–17] but also of other wildlife
species, including the elephant [18], hippopotamus [19], pangolin [20], primates [21,22]
and camelids [23,24]. Even marsupial semen has been reported to coagulate following EJ
collection [25,26]. Regardless, the viscosity of ejaculates collected from these species makes
the application of ARTs extremely challenging.

High viscosity fractions do not allow for obligatory separation of seminal fluids
from spermatozoa by centrifugation or efficient dilution of spermatozoa with cryopro-
tectants, preventing sperm cryopreservation and ultimately wasting a large proportion
of the ejaculate. For example, after successfully collecting 19 ejaculates from 14 African
elephant bulls and recording a mean volume of 104.3 ± 80.0 mL and sperm concentration of
781 ± 622.8 × 106 spm/mL, up to 41% was discarded due to the high viscosity associated
with fractions [18]. In the white and greater one-horned rhinoceros species, the degree of
sperm wastage is even higher. Despite collecting a mean ejaculate volume of 80 ± 15 mL
and 158 ± 33 mL, respectively, only 6 ± 1 mL and 26 ± 4 mL of the sperm-rich fractions
were cryopreserved, representing a wastage of 92.5% and 84.5% per species [8,11,17]. Given

112



Biology 2022, 11, 154

the logistical challenges, potential risk and cost associated with the general anaesthesia of
valuable wildlife species, this represents a considerable loss of valuable gametes.

If the viscosity of these collected fractions could be treated and reduced, this could
rescue available spermatozoa for ARTs, improving the efficiency of semen collection via
electroejaculation. The viscosity of rhinoceros ejaculates has been extensively characterised
using a combination of subjective assessment, gel electrophoresis and mass spectrometry
techniques [15]. It is mainly caused by secretions of the bulbourethral glands [27], in partic-
ular the presence of a 250 kDa glycoprotein, PBU250 [15]. By targeting PBU250 with the
enzymes, α-amylase and collagenase, viscosity was reduced by 28% and 21% respectively;
however, there was no improvement in the quality of spermatozoa following incubation
at room temperature for 1 h [15]. Treatment of camelid semen to reduce viscosity saw
greater success [23,28–30], recording an improvement in post-thaw sperm quality after
the addition of papain, the cysteine protease present in papaya (Carica papaya) [30]. When
alpaca spermatozoa were treated with 0.1 mg/mL of papain, viscosity was significantly
reduced within 30 min, without having any detrimental impact on sperm motility, viability,
acrosome integrity and DNA integrity [23]. Furthermore, when samples were frozen,
papain-treated spermatozoa exhibited superior total motility post-thaw compared to un-
treated samples [30,31]. To date, papain has not been examined for its ability to reduce the
viscosity of viscous ejaculates in wildlife species, or specifically of rhinoceros ejaculates,
and holds tremendous promise to improve cryopreservation protocols in the rhinoceros as
well as other endangered wildlife species with viscous ejaculates.

If papain was found to be successful, the yield of viable spermatozoa produced from
one semen collection would significantly increase that which is available for use in advanced
ARTs. It would also allow the use of advanced semen assessment tools, such as fluorescent
flow cytometry, to examine more advanced sperm-cell characteristics, currently applied to
spermatozoa from other domestic species. This additional information would ultimately
contribute towards a better understanding of the fertility status of preserved rhinoceros
spermatozoa, aiding in the success of ARTs. Furthermore, using the southern white
rhinoceros as a model, papain may be a viable tool to reduce the viscosity and increase the
yield of spermatozoa collected in other rhinoceros species, or from other wildlife species,
such as elephants, tapirs, hippopotamus and primates, where electroejaculation is the
method of choice for semen collection.

As such, the following study will aim to: (1) examine the influence of papain on the
post-thaw quality of spermatozoa frozen from viscous or low sperm ejaculate fractions,
(2) compare the post-thaw quality of papain-treated spermatozoa to that of sperm-rich
samples, and (3) objectively assess, for the first time, advanced membrane characteristics of
post-thaw rhinoceros spermatozoa using flow cytometry. It was hypothesised that the ben-
efit of papain would be two-fold. It would increase the quantity of rhinoceros spermatozoa
available for ARTs post collection, as well as improve the quality of spermatozoa post thaw.

2. Materials and Methods
2.1. Chemicals and Reagents

Unless otherwise stated, all chemicals were supplied by Sigma-Aldrich (St. Louis,
MO, USA).

Low sperm, viscous fractions were diluted in a modified Tyrodes solution (TALP),
which consisted of 2 mM CaCL2, 3.1 mM KCl, 0.4 mM MgCL2, 95 mM NaCl, 0.3 mM
NaH2PO4, 10 mM HEPES, 21.6 mM Na Lactate, 5 mM glucose, 1 mM Na pyruvate, 25 mM
NaHCO3, 0.03 mM phenol red and 3 mg/mL BSA (fatty acid free).

2.2. Ethics Statement

This study was conducted on captive southern white rhinoceros (Ceratotherium simum),
a species listed on the IUCN Red List of Threatened species™ as Near Threatened [32].
Semen was collected from bulls as part of a clinical examination of their fertility or for use
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in artificial inseminations. The study was approved by the IACUC animal ethics committee
of the Leibniz Institute for Zoo and Wildlife Research (permit number: 2017-08-02).

2.3. Experimental Design

Two experiments were conducted to assess the effectiveness of the enzyme papain
on improving the quality of spermatozoa sourced from low sperm fractions. Experiment
1 was a proof-of-concept study, where half of the viscous or low sperm fractions of each
ejaculate collected (n = 4) was treated with papain (Sigma, St. Louis, MO, USA) before
being processed for cryopreservation. Sperm motility was immediately assessed post-thaw
on a computer-assisted sperm analyser (CASA; Hamilton Thorne IVOS II and CEROS II,
Animal Breeder software, Version 1.8; Beverly, CA, USA) and compared to the non-treated
viscous sample. Experiment 2 treated the low sperm, viscous ejaculate fractions collected
(n = 6) with papain prior to cryopreservation. Sperm quality post thaw was then compared
to spermatozoa frozen from the sperm-rich fraction of the same bull, immediately after
thawing, as well as 1.5 and 3 h after incubation (37 ◦C). Spermatozoa were assessed for
motility and associated kinematics using CASA. Membrane viability, acrosome integrity,
lipid membrane disorder, production of reactive oxygen species and DNA integrity were
also assessed using flow cytometry (Cytoflex; Beckman Coulter, Lane Cove, Australia and
C6 BD Accuri; Becton Dickinson, NJ, USA).

2.4. Animals and Semen Collection

Over a 4-year period, semen was collected via electroejaculation (Seager model 14,
Dalzell USA Medical Systems, The Plains, VA, USA) from 10 adult, captive, white rhinoceros
bulls (n = 10) located at 3 European (Exp 1; n = 4 bulls) and 4 Australian (Exp 2; n = 6 bulls)
zoos. For semen collection by electrostimulation, general anaesthesia in lateral recumbency
was required. For this, 25 mg detomidine hydrochloride (Domidine1 10 mg/mL, Eurovet
Animal Health B.V., Bladel, The Netherlands) and 25 mg butorphanol (Torbugesic1 Vet
10 mg/mL, Zoetis B.V., Capelle a/d IJssel, The Netherlands) were injected intra-muscularly
as a premedication. A combination of 150 mg ketamine hydrochloride (Ketamin 10%
WDT, Henry Schein VET GmbH, Hamburg, Germany) and 1.8–2.7 mg etorphine (Captivon,
Wildlife Pharmaceuticals South Africa, Karino, South Africa) was injected intravenous
into the ear vein after 20 min. Anaesthesia was antagonised by administration of 250 mg
naltrexone hydrochloride (TrexonilTM, Wildlife Pharmaceuticals (PTY) Ltd., White River,
South Africa) and 40 mg atipamezole hydrochloride (Atipam 5 mg/mL, Eurovet Animal
Health B.V.). Half the reversal was given i.m. and the other half was given i.v. Animals
were normal and alert two to three minutes after the antagonist was given. For electroejac-
ulation, a custom-made electric probe, specifically designed for rhinoceros, was used for
stimulation [27]. The stimulation probe expanded the lumen of the rectum providing maxi-
mum electric coupling of electrodes. Multiple sets of 2–3 electrical stimuli were applied
with increasing voltage and amperage (5–15 V/200–800 mA). Each set of stimulations was
followed by manual massage of the pelvic and penile aspects of the urethra [7,17]. After
each set of stimulations, up to 6 fractions were collected into foam-insulated 50 mL isotherm
collection tubes, labelled and transferred to the onsite laboratory at body temperature,
where they were immediately analysed.

2.5. Assessment of Initial Ejaculate and Sperm Membrane Characteristics

Each fraction collected per bull was assessed for volume, concentration and total sperm
produced per fraction. Sperm concentration was determined using a haemocytometer, as
described by Evans and Maxwell [33], and total sperm per fraction (×109) was calculated
by multiplying fraction volume by concentration (×106 sperm/mL).

A small aliquot of each fraction was assessed for motility approximately 20 min after
collection. The percentage of motile spermatozoa was estimated subjectively to the nearest
5% on heated slides (37 ◦C) after examining several fields of view on a phase contrast
light microscope (Olympus C41, Olympus, Germany). In experiment 2, only sperm-rich
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fractions which recorded a motility score of 40% and above were deemed acceptable for
cryopreservation (as per current standards) and were included in the study.

Assessment of sperm membrane characteristics were conducted as described below.
Acrosome integrity and morphology were assessed by fixing 10 µL aliquots of sample in
40 µL of Hancocks fixative [34]. Acrosomes were classified as intact versus modified or
reacted (including completely detached acrosomes). Sperm morphology was assessed by
visually searching several fields of view for a wide range of abnormalities. Assessment
of sperm viability prior to freezing was evaluated using a hypo-osmotic swelling test
(HOS), as described by Reid, Hermes, Blottner, Goeritz, Wibbelt, Walzer, Bryant, Portas,
Streich and Hildebrandt [9]. Briefly, an aliquot of 20 µL of each sample was diluted in
100 µL hypo-osmolar TALP (100 mOsm), incubated at 37 ◦C for 30 min and subsequently
fixed with paraformaldehyde (18.5%, 100 µL). From each sample, 10 µL was prepared
on a glass slide with coverslip, whereby 200 sperm were evaluated. Spermatozoa were
categorised as HOS-negative or non-viable when they remained unchanged in the hypo-
osmotic environment. Swollen sperm or sperm with curved tails were classified as HOS-
positive or viable spermatozoa with functional membranes.

2.6. Treatment of Viscous Fractions with Papain and E-64

Prior to enzyme treatment, viscous fractions were diluted 1:1 with a modified Ty-
rode’s medium warmed to 37 ◦C and supplemented with albumin, lactate and pyruvate
(TALP) [35], and 3 mg/mL BSA was added fresh on the day of collection.

Half of the sample (Exp 1) or all of the sample (Exp 2) was then incubated with papain
(0.1 mg/mL; Sigma 76216, St. Louis, MO, USA) at 37 ◦C for 30 min, (Papain-treated; Exp 1
and 2). In experiment 1 the remaining sample was left untreated (Viscous control; Exp 1)
before being processed for cryopreservation.

Following treatment, the reaction was then suspended with the addition of an in-
hibitor, trans-epoxysuccinyl-L-leucylamido (4-guanidino)butane (E-64;10 µM; Sigma E3132,
St. Louis, MO, USA) and incubated at 37 ◦C for 5 min [30].

To demonstrate the change in viscosity due to papain treatment, the time taken for
aliquots (3 µL) of treated and non-treated viscous fractions to fill a standard 20 µm Leja
CASA slide (Hamilton Thorne, Beverly, MA, USA) was recorded (n = 1 bull only), as
previously described [36].

2.7. Dilution and Cryopreservation of Rhinoceros Spermatozoa

Prior to cryopreservation, all samples (Exp 1: papain-treated and viscous control treat-
ments; Exp 2: papain-treated and sperm-rich treatments) were centrifuged (1000× g; 20 min;
room temp), underlain with 1 mL of a high-density gradient (OptiPrepTM, Sigma–Aldrich,
Taufkirchen, Germany) to remove enzymes, seminal plasma and concentrate spermatozoa.
Following centrifugation, the supernatant was discarded, the sperm-rich layer above the
density gradient aspirated and concentration determined using a haemocytometer.

Samples were then resuspended in ButoCrio® (Nida-con, Mölndal, Sweden) to an
approximate concentration of 100–150 × 106 sperm/mL.

Sperm suspensions were loaded into 0.5 mL straws and chilled for 45 min to 4 ◦C
(0.5 ◦C/min). Straws were then held 4 cm above liquid nitrogen vapour for 8 min, before
being plunged into liquid nitrogen. Straws were stored in liquid nitrogen until assessment
in the laboratory.

2.8. Thawing and Advanced In Vitro Semen Assessment

Two straws per sample were thawed in a 37 ◦C water bath for approximately 60 s with
gentle agitation and incubated over 3 h (Exp 2 only). Aliquots were then taken at 0, 1.5 and
3 h and diluted to 20 × 106 spermatozoa/mL with TALP supplemented with 3 mg/mL
BSA. Spermatozoa was assessed for motility and other kinematics via computer-assisted
sperm analysis (CASA CEROSII (Exp 1) IVOS II (Exp 2); Hamilton Thorne, USA). Viability,
acrosome integrity, production of reactive oxygen species, membrane fluidity and DNA
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integrity of spermatozoa (Exp 2 only) was performed using fluorescent staining and flow
cytometry (Cytoflex; Beckman Coulter, Lane Cove, AUS; C6 BD Accuri, Becton Dickinson,
NJ, USA) following consideration of the recommendations published by Lee, et al. [37].

2.8.1. Computer-Assisted Sperm Analysis (CASA)

Post-thaw motility was assessed using CASA. Semen samples (5.5 µL) were placed on
prewarmed slides (Cell Vu, Millenium Sciences Corp., New York, NY, USA) immediately
prior to assessment. Motility (TM) and other kinematic parameters, including progressive
motility (PM), average path velocity (VAP), straight line velocity (VSL), curvilinear velocity
(VCL), amplitude of lateral head displacement (ALH), beat cross frequency (BCF), straight-
ness (STR) and linearity (LIN) of spermatozoa was determined by capturing 8 microscopic
fields (recording ≥ 200 cells/sample) using the following settings established for rhinoceros:
frame rate = 60 Hz; number of frames acquired = 60; minimum contrast = 65; head size mini-
mum 10 µm2; head size maximum 30 µm2; medium average path velocity cutoff = 25 µm/s;
medium threshold straightness = 75%; slow average path velocity cutoff = 20 µm/s; slow
straight line velocity cut off = 6 µm/s; head brightness minimum = 157; tail brightness
minimum = 75; magnification = 1.2; illumination intensity = 85; temperature = 37 ◦C.

2.8.2. Flow Cytometric Analysis

Flow cytometric analysis of viability, acrosome integrity, reactive oxygen species and
lipid membrane disorder was performed using a Cytoflex flow cytometer calibrated prior
to use with Cytoflex daily QC fluorospheres (Beckman Coulter, Lane Cove, Australia).
Sperm cells were isolated from total events based on forward and side scatter profiles
using 3 different lasers including 50 mW 488 nm, 50 mW 638 nm and 80 mW 405 nm.
Further separation from debris was performed by staining samples with Hoechst 33342 at
a final concentration of 1 ug/mL. For every tested parameter, 10,000 cells were analysed
per sample using CytExpert 2.0 software (Beckman Coulter, Lane Cove Australia).

The viability and acrosome integrity of sperm cells was assessed using a combination
of fluorescein isothiocyanate (FITC)-PNA (final concentration; 0.4 µg/mL) and propidium
iodide (PI, final concentration; 6 µM). Samples were incubated for 10 min at 37 ◦C prior to
assessment. Propidium iodide fluorescence was detected using a 610/20 band-pass filter,
and FITC-PNA fluorescence was detected on a 525/40 nm band-pass filter. If sperm cells
were classified as both FITC-PNA and PI negative, they were considered viable cells with
intact acrosomes.

The proportion of viable cells detected with lipid membrane disorder was assessed
using a combination of merocyanine 540 (M540, final concentration; 0.8 µM) and YO-PRO
(final concentration; 25 nM). Samples were incubated for 10 min at 37 ◦C prior to assessment.
M540 fluorescence was detected on a 585/40 nm band-pass filter and Yo-Pro fluorescence
detected on a 525/40 nm band-pass filter. Cells which were classified as Yo-Pro-negative
were viable, with higher median M540 fluorescence corresponding to high levels of lipid
disorder and membrane fluidity.

The proportion of viable cells with high levels of intracellular reactive oxygen species
(ROS) was assessed using a combination of dichlorodihydrofluorescein diacetate acetyl ester
(H2DCFDA, final concentration; 5 µM) and PI (final concentration; 6 µM). Samples were
incubated with H2DCFDA for 60 min at 37 ◦C before being centrifuged (10 min at 600× g),
supernatant removed, and sperm pellets resuspended in fresh buffer (TALP +0.3% BSA).
An aliquot of this new sperm suspension was then counterstained with PI for 10 min at
37 ◦C at each time point for assessment. H2DCFDA fluorescence was detected on a 525/40
band-pass filter. Cells which were PI negative were classified as viable with higher median
H2DCFDA fluorescence levels corresponding to a high production of intracellular ROS.

Flow cytometric analysis of the DNA integrity of frozen-thawed rhinoceros sperma-
tozoa was performed using a C6 BD Accuri (Becton Dickinson, NJ, USA). Samples were
stained with acridine orange (final concentration; 6 µg/mL) as described by Pool, et al. [38].
Stained samples were incubated for 3 min before assessment, where green fluorescence
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(FL1) was detected using a 533/30 band-pass filter, and red fluorescence (FL3) was detected
using a 670 long pass filter. Flow rate was set to around 200 events per second, and a mini-
mum of 5000 sperm cells were recorded per sample. DNA fragmentation was estimated
by the relative amount of single-stranded and double-stranded DNA, indicated by the
proportion of sperm demonstrating red fluorescence to total fluorescence or cells outside
the main population.

2.9. Statistical Analysis

Initial ejaculate characteristics, motility (Exp 1), viability, acrosome integrity and
percent normal morphology (Exp 2 only) assessed prior to freezing, were analysed using
an ANOVA and means were compared using a two-sample t-test comparison of means
assuming unequal variances. Post-thaw motility kinematics (Exp 1) were assessed using
an ANOVA and means were compared using a paired two-sample t-test. t-tests were
conducted in Genstat (Version 18, VSN International, Hemel Hempstead, UK).

In Experiment 2, sperm motility, viability, acrosome integrity, lipid membrane disorder,
intracellular ROS production and DNA integrity were analysed using a restricted maximum
likelihood model (REML) in Genstat. Treatment and timepoint (0, 1.5 or 3) were specified
as fixed effects, while individual bull was specified as a random effect. REMLS were used
in the current study to investigate whether there was any interaction between the influence
of treatments on changes in sperm parameters over time. These interactions were dropped
from the model if not significant (p > 0.05).

Normal distribution of data and homogeneity of variances were assessed within
Genstat. For both experiments and variables, means were reported with ± S.E.M and
p < 0.05 was considered statistically significant.

3. Results
3.1. Initial Ejaculate Characteristics Collected in Experiment 1 and 2 Prior to Freezing

Table 1 presents the average number of ejaculates collected, number of ejaculates
utilised, average volume, concentration and total sperm number of both the sperm-rich and
viscous, low sperm fractions collected via electroejaculation from white rhinoceros bulls
(n = 10). Across both experiment 1 and 2, there was a total of 11 ejaculates collected from
9 bulls over the collection period. Of these 11 ejaculates, only 10 contained a sperm-rich
fraction deemed acceptable for further use in the study. Figure 1 provides a visual example
of the viscosity noted in viscous, low sperm fractions during the study. Further, when a
standard 20 µm Leja CASA slide was loaded with 3 µL of the viscous sperm fraction, it
took 17 s for the chamber to load. Aliquots of papain-treated fractions filled the 20 µm
chamber within 5 sec (n = 1 bull). There was a significant difference in the volume and
concentration of spermatozoa (spermatozoa/mL) collected between the sperm-rich and
viscous, low sperm fractions. The viscous, low sperm fraction recorded a larger volume
but smaller sperm concentration compared to the sperm-rich fraction (p < 0.05; Table 1).
There was no significant difference in the total number of sperm collected in both fractions
(×109 spermatozoa; p > 0.05; Table 1).
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Table 1. Semen characteristics of the sperm-rich and viscous, low sperm fractions collected in
Experiment 1 and 2, from southern white rhinoceros bulls (n = 9) via electroejaculation. Data is
mean ± SEM. Columns which differ in superscript indicate significant differences between means
(p < 0.05).

Parameter
Ejaculate Fraction

Sperm-Rich Viscous, Low Sperm

Number of ejaculate fractions
collected 10 11

Volume (ml) 2.6 ± 0.58 a 15.1 ± 2.4 b

Concentration (×106

spermatozoa/mL)
863.3 ± 116.99 a 236.0 ± 46.61 b

Total sperm number per ejaculate
(×109 spermatozoa) 2.7 ± 0.93 3.4 ± 0.71
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Figure 1. Visual example of viscosity witnessed in non-sperm-rich fraction of rhino ejaculate collected
via electro-ejaculation.

3.2. Papain Improves the Quality of Spermatozoa Originating from Viscous, Low Sperm Fractions
Both Prior to and after Cryopreservation

Table 2 presents the characteristics of samples collected and assessed in Experiment
1, prior to freezing as well as immediately post-thaw. Papain-treated samples recorded a
significantly higher subjective motility prior to freezing compared to non-treated samples
(88.3% ± 1.70% vs. 78.8% ± 2.39%, respectively; p < 0.05; Table 2). Post-thaw, papain-
treated samples also recorded a significantly higher TM compared to untreated samples
(84.9% ± 1.60% vs. 37.5% ± 10.56%, respectively; p < 0.05; Table 2), with almost no differ-
ence in the pre-freeze and post-thaw motility of treated samples.

Post-thaw, the PM, VAP, VCL, VSL and ALH of papain-treated samples in experiment
1 was significantly higher compared to the non-treated viscous samples immediately post-
thaw (p < 0.05; Table 2). There was no significant difference in the post-thaw BCF, LIN or
STR of treated and non-treated spermatozoa originating from the viscous fraction (p > 0.05;
Table 2).

The viability of viscous spermatozoa was significantly higher post-thaw if treated with
papain prior to freezing, compared to the untreated control (86.3 ± 3.33% vs. 71.5 ± 3.66,
respectively; p < 0.05).
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Table 2. Sperm characteristics of viscous, low sperm control and papain-treated samples collected
from southern white rhinoceros bulls (n = 3 bulls, 4 ejaculates) assessed prior to and following
cryopreservation (Exp 1). Percent viability, acrosome intact and normal morphology was assessed
subjectively. Data are mean ± SEM. Columns which differ in superscript indicate significant differ-
ences between the viscous control and viscous treated samples (p < 0.05).

Time Sperm Parameters
Viscous, Low Sperm Fraction

Non-Treated Control Papain-Treated

Pre-freeze Subjective motility (%) 78.8 ± 2.39 a 88.3 ± 1.7 b

Post-thaw

TM (%) 37.5 ± 10.56 a 84.9 ± 1.60 b

PM (%) 25.4 ± 9.32 a 56.6 ± 5.72 b

VAP 43.8 ± 1.92 a 74.4 ± 5.48 b

VCL 77.1 ± 3.16 a 115.8 ± 8.30 b

VSL 34.7 ± 4.58 a 57.6 ± 3.51 b

ALH 3.7 ± 0.40 a 4.5 ± 0.18 b

BCF 39.6 ± 2.81 41.2 ± 0.23
LIN 50.8 ± 6.02 52.0 ± 1.86
STR 80.9 ± 5.92 78.3 ± 2.87

Percent viable (%)
Percent acrosome intact (%)

Percent normal morphology (%)

71.5 ± 3.66 a 86.3 ± 3.33 b

68 ± 6.48 80.0 ± 3.70
70.8 ± 4.37 80.5 ± 2.72

Table 3 displays the pre-freeze and post-thaw sperm characteristics of samples col-
lected and analysed in Experiment 2, where viscous spermatozoa treated with papain were
compared to spermatozoa from the sperm-rich fraction. There was no significant difference
in the mean sperm motility of treatments prior to freezing (p > 0.05; Table 3).

Post-thaw, there was no significant interaction of treatment and time on the TM of
frozen-thawed rhinoceros spermatozoa. In other words, there was no significant difference
in the decline of treatments over time. However, when pooled over time, spermatozoa
treated with papain prior to cryopreservation recorded a significantly higher motility
than the sperm-rich control (p < 0.05; Table 3). When pooled over treatment, the TM
of spermatozoa post-thaw declined significantly over time from 69.3% ± 3.10% at 0 h,
44.0% ± 6.91% to 1.5 h and 24.4% ± 4.37% at 3 h (p < 0.001).

There was no significant interaction of treatment and time on the PM of spermatozoa.
However, when pooled over time, spermatozoa treated with papain recorded signifi-
cantly higher PM compared to the sperm-rich sample (p < 0.05; Table 3). When pooled
over treatment, the PM of spermatozoa post-thaw declined significantly over time from
45.8% ± 4.67% at 0 h to 32.9% ± 6.87% at 1.5 h and 15.6% ± 3.63% at 3 h (p < 0.001).

There was no significant interaction of treatment and time on the VAP, VCL or VSL of
spermatozoa. However, when pooled over time, the VAP, VCL and VSL of spermatozoa
treated with papain prior to cryopreservation was significantly higher compared to the
sperm-rich control samples (p < 0.05; Table 3). When pooled over treatment, the VAP,
VCL and VSL of spermatozoa post-thaw declined significantly over time from 75.1 ± 6.57,
118.0 ± 11.76 and 58.4 ± 4.67 µm/s at 0 h to 59.0 ± 6.58, 86.2 ± 8.47 and 51.0 ± 6.53 µm/s
at 1.5 h and finally 42.0 ± 4.83, 64.5 ± 6.91 and 58.4 ± 4.67 µm/s at 3 h (p < 0.001).

119



Biology 2022, 11, 154

Table 3. Pre-freeze and post-thaw characteristics of sperm-rich and viscous low sperm papain-
treated spermatozoa collected from southern white rhinoceros bulls (n = 6) following treatment,
centrifugation and dilution in ButoCrio (Exp 2). Data is pooled over bull and time (0, 1.5 and 3 h
post-thaw) ± SEM. Columns which differ in superscript indicate significant differences between
sperm-rich control and papain-treated spermatozoa (p < 0.05).

Time Point In Vitro Sperm Parameters Sperm-Rich Control Viscous Low Sperm
Papain-Treated

Pre-freeze

Subjective motility (%) 78.4 ± 6.66 76.6 ± 5.22
Percent viable (%) 92.0 ± 1.10 93.2 ± 0.92

Percent acrosome intact (%) 88.2 ± 2.48 89.2 ± 1.86
Percent normal morphology (%) 82.2 ± 4.59 78.0 ± 5.10

Post-thaw

TM (%) 38.0 ± 5.50 a 54.2 ± 6.13 b

PM (%) 21.8 ± 3.99 a 40.9 ± 5.20 b

VAP (µm/s) 48.3 ± 4.41 a 68.8 ± 6.04 b

VCL (µm/s) 78.0 ± 8.19 a 101.2 ± 9.45 b

VSL (µm/s) 37.9 ± 3.38 a 58.9 ± 4.60 b

LIN (%) 9.0 ± 2.33 a 8.15 ± 1.98 b

STR (%) 81.0 ± 2.04 a 87.4 ± 1.79 b

BCF (%) 39.0 ± 1.30 40.2 ± 0.96
ALH (%) 3.66 ± 0.31 3.57 ± 0.29

Viable acrosome intact (%) 40.2 ± 3.89 39.3 ± 1.90
Membrane lipid disorder (median M540 fluor.) 2966.4 ± 357.26 13,993.6 ± 4901.47

Level of ROS (median H2DCFDA fluor.) 17,278.9 ± 3923.57 9073.0 ± 2103.47
DNA integrity (%) 11.0 ± 0.71 8.51 ± 0.69

There was no significant interaction of treatment and time on the STR or LIN of frozen-
thawed rhinoceros spermatozoa. However, when pooled over time, the STR and LIN of
papain-treated spermatozoa was significantly higher compared to the sperm-rich control
samples (p < 0.05; Table 3). When pooled over treatment, there was a significant effect of
time on the LIN but not the STR of spermatozoa post-thaw. The LIN of samples increased
from 0 h (54.6% ± 3.03%) to 1.5 h (61.7% ± 2.18%; p < 0.05). There was no difference
between 1.5 and 3 h (60.1% ± 3.08%; p > 0.05).

There was no significant interaction of treatment and time on the BCF or ALH of
spermatozoa post-thaw. However, when pooled over treatments, there was a significant
effect of time on the BCF and ALH of spermatozoa post-thaw. The BCF of spermatozoa
was significantly lower at 3 h (36.6 ± 1.50%) post-thaw compared to 0 h (41.0% ± 0.96%)
and 1.5 h (41.0% ± 0.96%; p < 0.05). The ALH of spermatozoa was significantly higher at
0 h (4.5% ± 0.36%) compared to 1.5 h (3.3% ± 0.23%) and 3 h (2.9% ± 0.31%; p < 0.001).
There was no effect of treatment alone on the BCF and ALH of spermatozoa (p > 0.05).

3.3. Papain Does Not Influence the Viability, Acrosome Integrity, Membrane Lipid Disorder,
Intracellular ROS Production or DNA Integrity of Frozen-Thawed Rhinoceros Spermatozoa
Assessed Using Flow Cytometry

In experiment 2, prior to freezing, there was no significant difference between the
percent viable, acrosome intact or normal morphology of sperm-rich and papain-treated
samples (p > 0.05; Table 3). There was no significant interaction of time and treatment on the
percentage of viable, acrosome intact spermatozoa post-thaw. Nor was there any significant
effect of treatment when pooled over time (p > 0.05; Table 3). However, when pooled over
treatments, the percentage of viable acrosome-intact spermatozoa was significantly lower at
3 h (30.1% ± 2.66%) compared to 0 h (48.4% ± 1.94%) and 1.5 h (41.3% ± 2.91%; p < 0.001).

There was no significant interaction of time and treatment on the median level of
H2DCFDA or M540 fluorescence, otherwise known as level of ROS production and mem-
brane lipid disorder, respectively (p > 0.05; Table 3). Nor was there any significant effect of
treatment or time alone (p > 0.05).
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There was no significant interaction of time and treatment on the percentage of DNA
fragmentation (p > 0.05; Table 3). Nor was there any significant effect of treatment or time
alone (p > 0.05).

4. Discussion

The near-threatened southern white rhinoceros serves as an excellent example of a
species whose semen is characteristically viscous post-semen collection. This is caused in
part by the presence of particular components within the seminal plasma, secreted in large
amounts when the accessory sex glands are stimulated during electro-ejaculation [12,15].
This phenomenon is shared by other species, including camelids [23,28], elephants [18,34],
hippopotamus’ [19] and primates [21,22]. Spermatozoa trapped within the viscous (low
sperm) fractions of the ejaculate equate to almost half of the total spermatozoa
collected [11,17,20], but are often discarded. In the current study, treatment of viscous, low
sperm rhinoceros spermatozoa, with papain prior to cryopreservation, not only enabled
the utilisation of spermatozoa within these fractions, but resulted in improved motility
and viability post-thaw. It also resulted in a similar motility to sperm-rich spermatozoa
prior to freezing, however, it surprisingly exceeded the motility of sperm-rich treatments
post-thaw. Furthermore, papain was not detrimental to the membrane or acrosome status
of spermatozoa, nor found to have any impact on the level of intracellular reactive oxy-
gen species (ROS) produced, lipid membrane disorder or degree of DNA fragmentation
when compared to sperm-rich treatments, key characteristics for the timely maturation
and survival of spermatozoa within the female. As such, treatment of viscous, low sperm
rhinoceros fractions with papain increased sperm yield by almost two-fold post collection.
Considering the ethical, logistical and financial challenges associated with the collection
of semen from threatened or endangered wildlife species, this represents a substantial
improvement in the efficiency of existing semen collection and cryopreservation protocols
for the rhinoceros and other species which suffer from viscous ejaculates post collection.

Treatment of rhinoceros spermatozoa with papain enabled the assessment and suc-
cessful cryopreservation of rhinoceros spermatozoa from the viscous, low sperm fraction of
the ejaculate. In the current study, despite the sperm-rich fractions recording higher sperm
concentration per mL compared to the viscous fractions (as shown previously [12,17]),
given the larger volume produced, the total number of spermatozoa contained within
this fraction (3.5 ± 0.79 × 109 sperm) was similar to that produced by the sperm-rich
fraction (2.0 ± 0.98 × 109 sperm), spermatozoa which would have been discarded, if not for
the addition of papain. Consequently, this enabled the cryopreservation of an additional
3.5 billion cells on average per male. To the best of our knowledge, when both fractions are
combined, this amount exceeds what has previously been reported (2.8 ± 0.8 × 109) for
high quality spermatozoa collected from the southern white rhinoceros via electroejacu-
lation [10,17]. It is also higher than that recorded for the black (200 × 106 spm [13]) and
Sumatran (2.5 × 109 [39]) rhinoceros. Although the greater one-horned rhinoceros recorded
an impressive yield of 30.4 × 109 spm [8], the quality associated with this collection was
not confirmed. The importance of improving the quantity of gamete cryopreservation in
endangered species is best demonstrated in the Sumatran rhinoceros, where semen collec-
tion attempts have returned poor results. With the species listed as critically endangered,
successful semen collection attempts are paramount. This would enable the rapid gener-
ation of a biobank containing genetically distinct gametes to help safeguard the species
from extinction—a luxury not afforded to the northern white rhinoceros species, where
in vitro fertilisation of oocytes harvested from the one last remaining female, depends on
the quantity and quality of frozen spermatozoa collected from one deceased male.

The treatment of viscous fractions with papain not only resulted in an increase in
sperm quantity collected per ejaculate, it also demonstrated the ability to improve motility
prior to and following freezing. Following papain treatment and dilution in Butocrio, the
motility of spermatozoa from viscous, low sperm fractions prior to freezing was improved
by 10%. Post-thaw, papain-treated samples displayed superior freezing resilience (motility
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and viability) compared to untreated viscous samples, as well as samples frozen from
the sperm-rich fraction. The post-thaw motility of the sperm-rich samples recorded in
the current study was similar to that recorded previously in southern white rhinos by
O’Brien, et al. [40] but lower than that reported by Hermes, Hildebrandt and Göritz [11].
We hypothesise this difference to be related to the age, sexual maturity and original semen
quality of several bulls included in Exp 2. In any event, the low post-thaw motility of
the sperm-rich samples in the current study highlights more so the improvements which
could be made following treatment with papain, evidenced by a 16% increase in post-
thaw motility when compared to the sperm-rich control (Table 2). This could also suggest
a beneficial effect of papain on spermatozoa originating from the sperm-rich fraction,
where removal or enzymatic treatment of any existing seminal plasma prior to freezing
could improve survival rates. While seminal plasma has been shown to be beneficial to
the freezing process for species such as the ram [41], its presence during stallion sperm
cryopreservation has also been questioned [42,43]. This similarity in the contradictory
nature of seminal plasma during freezing is unsurprising given that the horse is the
closest domestic relative of the rhinoceros [44]. Regardless, the above results suggest that
treatment of all rhinoceros ejaculate fractions with papain could be beneficial for improving
the cryosurvival of spermatozoa for ARTs.

The mode of action by which papain improves the quality of rhinoceros semen col-
lected from viscous fractions remains to be fully understood. We suspect that the issue
of semen viscosity is not related to the volume of plasma produced but rather the pres-
ence or concentration of particular protein/s. We also know from previous studies in
alpaca, that the proteinase papain targets glycosylated proteins within the seminal fluid,
rather than glycosaminoglans [23]. This strongly supports the findings by Behr and col-
leagues in 2009, who identified the presence of a 250 kDa glycoprotein (P250) within the
viscous seminal plasma of southern white rhino seminal plasma originating from the bul-
bourethral gland [15]. The occurrence and intensity of P250 also correlated strongly with
increasing grades of fraction viscosity [15]. In other species, glycoproteins secreted by
the bulbourethral glands have contributed to both the gelatinous plug produced at the
end of the boars ejaculate [45,46] and the entrapment of spermatozoa within the uterus of
camelids [47]. With this in mind, it is highly likely that in the current study, papain reduced
the viscosity of ejaculates by targeting P250. This breakdown of P250 allowed spermatozoa
to swim more freely after dilution and increased the uniformity of cryoprotectant exposure,
ultimately contributing to better protection during the freezing process. This, in turn, saw
a benefit for the survival of spermatozoa from the viscous fraction post-thaw, particularly
in relation to the noted improvement in cell viability.

Of course, the identity of this protein is the missing part of the puzzle and would
help enable future research to confirm our hypothesis. At the time of publication, although
good mass spectrometry spectra was generated, Behr and colleagues, and colleagues in
2009 [15] failed to match a protein identity to P250. However, since this time significant
development of the rhinoceros genome has occurred, so repeating the search against the
genome would be prudent to determine any further leads. It would also be interesting
to see if this protein is conserved across other species of rhinoceros, such as the critically
endangered black [48], Sumatran [49] and Javan [50] rhinoceroses and vulnerable greater
one-horned rhinoceros [51], particularly the Sumatran rhinoceros, given less than 30 indi-
viduals remain, and all published reports of semen collection report severely low sperm
counts and volume [39,52]. Similarly, comparison against the seminal plasma proteome
of the hippopotamus [19], elephants [20,35] and primates [22] would show whether this
protein is responsible for causing the production of viscous fractions across a wide variety
of species. More so, it would confirm whether papain could be used as a tool to improve
the quantity and quality of spermatozoa collected and cryopreserved from wildlife species
following electro-ejaculation.

Importantly, when compared to spermatozoa from the sperm-rich fraction, the viability,
acrosome integrity, production of reactive oxygen species and lipid membrane disorder was
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not impacted following treatment with papain. In other words, papain was not detrimental
to the functioning of the sperm cell. Similar results were seen in the alpaca where viscosity
was reduced with papain [23], and rhino with α-amylase and collagenase [15]; however, no
improvement in the ability of rhinoceros spermatozoa to survive freezing was seen either.
Sperm membrane characteristics were likely preserved by the addition of the inhibitor,
E-64, which prevented any prolonged exposure and eventual target or degradation of the
sperm cell during the chilling and freezing process [30]. E-64 is a cysteine protease inhibitor
which binds to the active thiol group and reduces the functionality of papain [53,54]. The
concentration of papain and E-64 used in the current study mirrored that reported in
the alpaca studies [30]. This concentration (0.1 µg/mL) was successful at reducing the
viscosity of alpaca semen, with no detriment to freezing or pregnancy rates following AI
of females [31]. Pleasingly, 0.1 µg/mL was also successful at reducing the viscosity of
rhinoceros samples completely. However, it could be useful to further optimise the protocol
in case further improvements could be made, such as the length of enzyme incubation, to
reduce overall processing time. Confirmation of pregnancy following AI in the rhinoceros
would also be beneficial.

Furthermore, to the best of our knowledge, the current study reports, for the first time,
the advanced membrane and molecular characteristics of white rhinoceros spermatozoa,
assessed post-thaw using flow cytometry. The viability reported post-thaw is similar to the
48% reported in 2009 [6] which assessed the percentage of live cells using a hypo-osmotic
swelling (HOS) test prior to artificial insemination. Lipid membrane disorder or membrane
fluidity, as measured by median M540 fluorescence, is considered an early indication
of capacitation and apoptotic-like changes [55], a sperm maturation step which occurs
within the female and is crucial for fertilisation (for a review please see [56]). Premature
capacitation of spermatozoa is a common artifact of freezing and can lead to early apoptosis
of the cell [57]. Production of intracellular reactive oxygen species (ROS), as measured by
median H2DCFDA fluorescence, is a measure of the harmful free radicals produced during
sperm metabolism. If left uncontrolled, excessive ROS levels can lead to cell degradation
and DNA damage [58]. Further examination of these rhinoceros sperm cell characteristics is
vital to enhance understanding of the molecular nature of rhinoceros spermatozoa during
the freezing process, and of how these may influence the outcome of artificial insemination
programs, for which the rhinoceros currently records a low success rate [3,4]. Nevertheless,
the above results provide an important benchmark for the species.

5. Conclusions

Assisted reproductive technologies are becoming increasingly diverse, complex and
revolutionary in their development and application to wildlife species. Cryopreservation
and biobanking of gametes, tissues and cell lines from endangered species has the potential
to preserve gametes for the long term, maintain genetic diversity and help fight against
the threat of extinction. For example, the successful collection of male gametes from the
endangered Sumatran rhinoceros in terms of quantity and quality can play a key role in the
de-extinction of the species in the future [4]. The current study has contributed towards this
goal by demonstrating the ability of papain to ensure high quantities of viable rhinoceros
spermatozoa are collected from ejaculates, even if fractions are deemed low sperm and
viscous. It has also proven its ability to increase sperm motility and velocity post-thaw,
with no detriment to membrane fluidity, acrosome integrity or intracellular ROS levels. In
combination, this data identifies papain as a viable tool to improve the success, not only of
rhinoceros cryopreservation protocols, but potentially of other wildlife species, where ARTs
are limited by viscous ejaculates, the outcomes of which could contribute towards more
successful ARTs and the survival of threatened or endangered species for years to come.
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Simple Summary: In animal production, the prediction of male fertility is vital for the success
of specific techniques such as artificial insemination. Thus, testicular ultrasound, a non-invasive
diagnostic procedure, could be a useful tool. Moreover, recent ultrasound-video analysis and software
developments allow the visualization of tissue at the microscopic level. The objective of this work
was to establish a possible correlation between testicular ultrasonography and semen quality in rams.
For this purpose, the testicles of nine rams were evaluated and the semen was analyzed for one year.
The results revealed that the number of white and grey pixels correlated with sperm parameters
indicating poor seminal quality. On the other hand, the increase in the seminiferous-tubule density or
the lumen area of these tubules was related to a rise in seminal quality. Therefore, ultrasound-video
analysis could be a good tool for evaluating the fertility of rams, either for artificial insemination or
on the farm.

Abstract: Testicular ultrasound is a non-invasive technique that could be very useful for predicting
ram seminal quality. Recent software developments allow macroscopic and microscopic evaluation
of testicular parenchyma. Thus, the aim of this study was to evaluate the testicular echotexture using
ultrasound-video analysis and investigate its possible correlation with semen quality. Nine rams were
evaluated for one year using a portable ultrasound scanner and the echotexture was analyzed with
ECOTEXT® software. The number of black (Ec1), white (Ec2), and grey pixels (Ec3), tubular density
(TD), lumen area (LA), and lumen diameter (LD) were analyzed. Semen was collected by an artificial
vagina the same day and the sperm concentration, morphology, motility, viability, phosphatidylserine
(PS) translocation, reactive-oxygen-species (ROS) levels, DNA damage and capacitation state were
evaluated. Ec2 and Ec3 correlated positively with “bad quality” sperm parameters (the percentage of
spermatozoa with high ROS levels, with PS translocation and proximal cytoplasmic droplets), and
negatively with motility. In contrast, TD and LA showed a positive correlation with “good quality”
parameters (motility or normal morphology) and a negative correlation with spermatozoa with high
ROS levels, with DNA fragmentation, and proximal or distal cytoplasmic droplets. Thus, echotexture
analysis by ultrasound-video analysis could be a valuable tool for assessing ram fertility.
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1. Introduction

Seasonality, which is regulated by photoperiod and melatonin secretion [1], could be
a limiting factor in the sheep reproduction [2]. In the ram, the effect of seasonality is less
marked than in the ewe, and some breeds experience variable degrees of seasonality [3–5],
mainly depending on the latitude in which they are located [6]. The study of seasonality
changes in the ram has focused on seminal quality [7,8] or testicular measurement [9,10]
rather than changes in testicular parenchyma.
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Ultrasonographic evaluation is a valuable, non-invasive technique for diagnosing the
male genital tract. It can be used as a complementary test for breeding-soundness evalua-
tion [11]. Additionally, changes in the testis echotexture (pixel intensity and uniformity)
due to changes in the tissue composition can be evaluated by ultrasonography and assessed
with image-analysis software [12,13] that describes the ultrasound pixel intensity in terms
of numerical pixel values (NPV). These range from 0 (absolute black) to 255 (absolute
white) and provide an indication of tissue echogenicity [14]. Thereby, ultrasound analysis
has been used to predict the reproductive soundness of rams [15–17] or the detection of
pubertal changes in lambs [18,19]. However, in these previous studies, the ultrasound
images were evaluated by non-specific image-analysis software (such as Image ProPlus® or
Image J), which could decrease the sensitivity and reproducibility of the results. Recently, a
dedicated software package has been specifically developed for studying testicular tissue
through macroscopic and microscopic ultrasound-video analysis (Ecotext® software). This
software is able to analyze testicle ultrasonograms based on their echotexture properties,
measuring pixel intensity as Ec1 (black pixels, the number of pixels with NPV = 0), Ec2
(white pixels, the number of pixels with NPV = 255), and Ec3 (grey level of pixels, the mean
value of the pixels with NPV > 0 and <255). It can also evaluate microscopic structures of
the testicular parenchyma (up to 200 µm in size) that are usually evaluated by biopsy, such
as the seminiferous-tubule (ST) density or the ST lumen area and diameter. This software
has already been validated in bulls, rams, stallions, and boars [20–23].

Testicular parenchyma constitutes a tissue of very high metabolic activity, and it is
therefore very sensitive to changes in the blood supply by the testicular artery. Further-
more, testicular blood flow has been correlated with spermatogenesis and spermatozoa
fertilization ability in several species [24,25]. Thus, a color-Doppler analysis could pro-
vide information about the testicular-artery blood flow and vascular integrity of the male
reproductive tract [14]. Color-Doppler has previously been used to evaluate changes in
blood-flow velocity and the resistance of the blood in the testicular artery of the ram [19,26]
and their relationship with semen quality [27,28].

The main goal of testicular ultrasound, other than to discard males with testicular
pathology [29], is to predict the seminal quality and, thus, the fertility of sires. In this
context, previous works on the ram have found a moderate correlation between testes
blood flow, echotexture and sperm quality [16,27,28], whereas others have not found any
correlation [17]. In most of these works, only classical sperm parameters, such as volume,
motility, concentration or viability, were evaluated. However, recent studies suggest that
these classical sperm parameters have a low correlation with field fertility, and parameters
related to sperm physiology, such as oxidative stress, apoptotic levels or capacitation state,
should be evaluated for ram-fertility prediction [30,31]. Moreover, spermatogenesis in the
ram lasts around sixty days, including epididymal storage. For this reason, the results of a
semen evaluation performed at any given time do not reflect the current testicular function
and, in the same way, the testicular ultrasound analysis likely relates to future semen
quality, but not to the sperm parameters obtained on the day of ultrasound scanning [15].

Hence, the aim of this study was (1) to evaluate seasonal changes in testicular echo-
texture parameters and testicular blood flow using ultrasound-video analysis and color-
Doppler analysis, (2) to investigate the possible correlation between changes in ultrasono-
graphic parameters and semen quality (evaluated with classical and non-conventional
sperm-quality parameters) at the moment of scanning (present) and 30 and 60 days later.

2. Materials and Methods

Unless otherwise stated, all reagents were purchased from Merck KGaA (Darmstadt,
Germany).

2.1. Animals and Semen Collection

Semen was collected from nine Rasa Aragonesa rams (2–8 years old) belonging to
the Rasa Aragonesa National Breeding Association (Asociación Nacional de Criadores de
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Ganado Ovino Selecto de Raza Rasa Aragonesa, ANGRA). The rams were kept under
uniform feeding conditions at the University of Zaragoza Veterinary School, Spain (lat-
itude 41◦41′ N). All experimental procedures were carried out under the project license
PI39/17 approved by the Ethics Committee for Animal Experimentation of the University
of Zaragoza (approval date: 24 May 2017), according to the Spanish Policy for Animal Pro-
tection RD53/2013, which meets the European Union Directive 2010/63 on the protection
of animals used for experimental and other scientific purposes.

The rams were subjected to a regimen of continuous semen extraction throughout
the year, with two days of abstinence between collections. For this study, a monthly
semen evaluation was performed for one year. Second ejaculates from each male were
collected individually using an artificial vagina, and semen was maintained at 37 ◦C until
laboratory analysis. Semen samples were diluted 1/100 in a medium containing 0.25 mol/L
sucrose, 10 mmol/L Hepes, 2 mmol/L KOH, 5 mmol/L glucose, 0.5 mol/L NaH2PO4 and
100 mmol/L EGTA for assessing sperm quality. Sperm concentration was calculated in
duplicate using a Neubauer chamber (Marienfeld, Lauda-Konigsofen, Germany).

2.2. Sperm Motility Evaluation

Motility parameters were measured using a computer-assisted CASA system (ISAS
1.0.4; Proiser SL, Valencia, Spain). Sperm motility was recorded utilizing a video camera
(Basler A312f, Basler AG, Ahrensburg, Germany) mounted on a microscope (Nikon Eclipse
50i, Nikon Instruments Inc, Tokyo, Japan) equipped with a 10x negative-phase contrast lens
and a 10x ocular lens. Samples (6 µL of the 1/100 semen dilution) were placed between
pre-warmed slides and coverslips and kept at 37 ◦C in a heated slide holder during analysis.
For each sample, five videos at 25 frames/second for 1 s were recorded. The percentages of
motile (TM) and progressive motile (PM) spermatozoa were evaluated.

2.3. Flow Cytometry Analysis

All the sperm cytometry analyses were performed on a Beckman Coulter FC 500
flow cytometer with CXP software (Beckman Coulter Inc., Brea, CA, USA) equipped with
two excitation lasers (Argon-ion laser 488 nm and Red solid-state laser 633 nm) and five
absorbance filters (FL1–525, FL2–575, FL3–610, FL4–675 and FL5–755± 5 nm each bandpass
filter). A minimum of 20,000 events were evaluated in all the experiments. The sperm
population was identified for further analysis based on their specific-forward (FS) and
side-scatter (SS) properties; thus, other non-sperm events were excluded. A flow rate
stabilized at 200–300 cells/sec was used.

2.3.1. Sperm Viability

Three microliters of carboxyfluorescein diacetate (CFDA, 1 mM), 3 µL of propidium
iodide (PI, 0.75 mM) and 5 µL of formaldehyde (0.5% v/v in water) were added to 500 µL
of sperm samples (6 × 106 cells/mL) based on a modification of the method described by
Harrison and Vickers [32]. After 15 min at 37 ◦C in the dark, the samples were analyzed by
flow cytometry. The Argon-ion laser and the 525 (FL1, CFDA) and 675 nm (FL4, PI) filters
were used in order to avoid overlapping. The percentage of CFDA+/PI- spermatozoa
(viable cells) was evaluated.

2.3.2. Intracellular Reactive Oxygen Species (ROS)

Aliquots of samples (500 µL), prepared at a final concentration of 6 × 106 cells/mL,
were stained with 5 µL of H2DCFDA (20 mM) and PI (1.5 mM). After 15 min at 37 ◦C in the
dark, the samples were fixed with 5 µL formaldehyde (0.5% v/v in water) and analyzed by
flow cytometry [33]. The Argon-ion laser and 525 and 675 nm filters were used in order to
avoid overlapping. The parameters monitored were FS log, SS log, FL1 (H2DCFDA), and
FL4 (PI). The percentages of viable spermatozoa with low ROS levels and spermatozoa
with high ROS levels were evaluated.
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2.3.3. Detection of Membrane Phosphatidylserine (PS) Translocation

Annexin V is a calcium-dependent phospholipid-binding protein with a high affinity
for PS. FITC-Annexin V (Thermo Fisher Scientific, Waltham, MA, USA) was used simulta-
neously with PI to detect PS translocation and to differentiate between membrane-intact
and damaged cells, with or without PS translocation. Aliquots of 300 µL (4 × 106 cells
diluted in binding buffer) were stained with FITC-Annexin V (2 µL) in combination with
7.5 µM PI (3 µL), incubated at 37 ◦C in the dark for 15 min, and evaluated by flow cytometry.
The monitored parameters were FS log, SS log, FL1 (FITC-Annexin V), and FL4 (PI). The
percentages of viable spermatozoa without PS translocation (non-apoptotic, Annx-/PI-),
and spermatozoa with PS translocation (Annx+) were considered.

2.3.4. DNA Fragmentation—TUNEL Assay

The presence of DNA strand breaks in ram spermatozoa was assessed using the
TUNEL assay with fluorescein-isothiocyanate (FITC)-labeled dUTP (In Situ Cell-Death-
Detection Kit)). Sperm samples (4 × 107 cells/mL) were fixed with 4% (w/v) paraformalde-
hyde in PBS at room temperature (RT) for 1 h. After two washes at 600× g with 100 µL PBS,
the samples were permeabilized with 0.1% Triton X-100 (v/v) in 0.1% sodium citrate (w/v).
After centrifugation at 600× g, the pellet obtained was incubated with 50 µL of labelling
solution containing the TdT enzyme and dUTP for 1 h at 37 ◦C in the dark. A negative
control was prepared for each experimental set by omitting TdT from the reaction mixture.
After two consecutive washes with PBS at 600× g for 10 min at RT to stop the reaction,
flow-cytometry analysis was performed. The monitored parameters were FS log, SS log,
and FL1 (TUNEL). The percentage of sperm with DNA fragmentation (TUNEL+ cells)
was evaluated.

2.4. Assessment of Capacitation Status by CTC Staining

The capacitation status was determined using chlortetracycline (CTC) staining [34].
A CTC solution (750 µM) was prepared daily in a buffer containing 20 mM Tris, 130 mM
NaCl and 5 µM cysteine (pH 7.8) and passed through a 0.22 µm filter. After that, 20 µL
of CTC solution and 5 µL of 12.2% (w/v) paraformaldehyde in 0.5 M Tris–HCl (pH 7.8)
were added to a 20 µL sperm sample (4 × 107 cells/mL) and incubated at 4 ◦C in the dark
for at least 30 min. At room temperature and semi-darkness, a 4 µL aliquot of the stained
sample was placed on a glass slide and mixed with 2 µL of 0.22 M triethylenediamine
(DABCO) in glycerol:PBS (9:1, v/v). Samples were covered with 24 × 48 mm coverslips,
sealed with colorless enamel, and stored in the dark at −20 ◦C. To evaluate CTC patterns,
samples were examined using a Nikon Eclipse E-400 microscope (Kanagawa, Japan) under
epifluorescence illumination using a V-2A filter. All samples were processed in duplicate
and 200 spermatozoa were scored per slide. Sperm classification followed Gillan et al. [35]:
non-capacitated spermatozoa (NC with even yellow fluorescence over the head, with or
without a bright equatorial band); capacitated cells (C, with fluorescence on the acrosome)
and acrosome-reacted cells (R, without fluorescence on the head and with or without a
bright equatorial band).

2.5. Morphological Study by Eosin-Nigrosine Staining

Semen samples (20 µL of 4 × 107 cells/mL) were mixed with 10 µL eosin and 10 µL
nigrosine. One droplet of 20 µL of the stained sample was smeared onto a clean slide
with the help of another slide. The smears were air-dried and examined by bright-field
microscopy at 1000X magnification using a Nikon Eclipse E-400 microscope (Kanagawa,
Japan). At least 200 spermatozoa were analyzed. The percentage of cells with normal
morphology and abnormal spermatozoa, including primary (detached head) and secondary
(proximal or distal droplet, bent tail and coiled tail) abnormalities, were evaluated [36].
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2.6. Testes Measurement and Ultrasonography Examination

Scrotal circumference (SC) was measured using a measuring tape positioned around
the scrotum’s largest circumference. Testis length (TL) and width (TW) were measured
using a caliper. TL was measured from the head of the epididymis to the top of the
tail of each testis, whereas TW was evaluated in the widest part of the testis. Testic-
ular volume (TV) was determined using the equation proposed by Godfrey et al. [37]:
TV = 0.0396 × average testis length of both testes (TL) × SC2.

The ultrasonography evaluation of the testis was carried out using a portable ultra-
sound scanner (ExaGo, IMV imaging Angoulême, France) connected to a 7.5 MHz linear
probe. The same researcher performed all evaluations, and the ultrasound scanner parame-
ters were adjusted to 60 mm depth, 100% power, 0 dB gain and 60 dB dynamic range. The
rams were restrained and no sedatives were used. The probe was positioned transversely
to major axis of the testicle. Three videos of 124 frames each were recorded in the upper,
medium and lower parts of each testicle for echotexture analyses.

The echotexture analysis was performed with ECOTEXT® software (Humeco, Huesca,
Spain). Three testicular parenchymatic characteristics were evaluated at standard resolution:
the number of black (ECOTEXT 1, Ec1, referring to the number of pixels with a numerical
pixel value of 0), white (ECOTEXT 2, Ec2, referring to the number of pixels with a numerical
pixel value of 255), and grey pixels (ECOTEXT 3, Ec3, mean value of the pixels with a
numerical pixel value > 0 and <255); another three were evaluated at high resolution: the
density of tubules/cm2 (tubular density, TD), the percentage (%) of the total area occupied
by the lumen of the tubules in the parenchyma (lumen area, LA), and the mean diameter
(µm) of the lumen of the seminiferous tubules (lumen diameter, LD).

Color-Doppler flow imaging was used to analyze the arterial blood flow of the
pampiniform plexus. All color-Doppler scans were performed with a constant gain
(20 dB), 50 Hz high pass filter, and 1 mm gate setting (Hedia et al., 2019). The an-
gle between the Doppler beam and each vessel’s long axis was ≤60, and the pulse-
repetition frequency (2,000 Hz) was adjusted to reduce aliasing. After the spectral pat-
tern of the testicular artery was generated, the frequency (bpm), the resistive index
(RI = (maximum velocity−minimum velocity)/maximum velocity) and the pulsatility
index (PI = (maximum velocity−minimum velocity)/mean velocity) were calculated [38].
Five measurements were taken along the path of the artery for each testis, and at least five
waveforms were recorded per measurement.

2.7. Statistics Analyzes

Monthly and seasonal results are shown as mean ± SEM of the number of samples
assessed in each case. Data distribution was analyzed by the Kolmogorov–Smirnov test,
and outliers were identified by the Grubbs test. The difference between breeding (B: August
to February) and non-breeding seasons (NB: March to July) in terms of concentration and
progressive motility, TW, Ec3, TD, LD, frequency and RI were analyzed by the unpaired
t-test. The rest of the parameters were assessed by the Mann–Whitney test. Differences
between the right and left testicles were evaluated by the paired t-test for width, Ec3, TD,
LD, frequency and RI, and the Wilcoxon matched-pairs signed-rank test for their length,
Ec1, Ec2, LA and PI. The correlations between the ultrasound results and the sperm param-
eters, which were obtained on the same day, 30 and 60 days after the testicular scanning,
were evaluated by Spearman’s test. All statistical analyses were performed using SPSS
(v.15.0) software.

3. Results

In this study, nine rams were subjected to semen collection and sperm-quality evalua-
tion, followed by an ultrasonography examination of the testes every month for one year.
All the rams showed suitable sperm quality after evaluation, but one showed calcification
spots during the ultrasonography examination; hence, that male was eliminated from
the study.
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3.1. Changes in Size and Ultrasound Evaluation of the Testes and Ram Sperm Quality
between Seasons

When the left and right testes were compared, only the testicular length, tubular
density (evaluated by ultrasonography), and frequency (evaluated by Doppler analysis)
showed significant differences (p < 0.05, Supplemental Table S1). Thus, the mean values of
the right and left testicles were used for further evaluation.

No differences were found between the breeding (B) and non-breeding (NB) seasons in
terms of testis size (Table 1), although an increase in testicular length and volume during the
hottest months of the year can be observed (Supplemental Figure S1A). However, regarding
the scanning results, we found seasonal differences (p < 0.05) in Ec1 and the seminiferous-
tubule lumen diameter (LD), which increased during the B season (Table 1). The rest of
the echogenicity parameters did not show any changes. Of the Doppler parameters, only
the frequency significantly increased (p < 0.05) during the non-breeding season (Table 1),
although a non-significant decrease in PI was observed in the coldest months of the year
(Supplemental Figure S1B).

Table 1. Seasonal differences in testicular size, echotexture parameters (evaluated by ultrasound-
video analysis and ECOTEXT® software) and testicular-artery blood flow (assessed by color-Doppler
flow imaging) in Rasa Aragonesa rams. Results are shown as mean ± SEM. Different letters indicate
p < 0.05.

Breeding Season
(n = 56)

Non-Breeding Season
(n = 40)

Testicular size

Scrotal circumference (cm) 35.1 ± 0.4 36.21 ± 0.39

Testicular width (cm) 7.09 ± 0.08 7.21 ± 0.08

Testicular length (cm) 10.54 ± 0.19 10.69 ± 0.2

Testicular volume (cm3) 524.43 ± 18.6 563.3 ± 21.42

ECOTEXT® parameters

Ec1 (black pixels) 23.24 ± 2.46 a 14.03 ± 1.88 b

Ec2 (white pixels) 166.21 ± 19.7 187.29 ± 27.96

Ec3 (grey pixels) 100.96 ± 0.97 103.1 ± 1.3

TD (density of tubules/cm3) 147.97 ± 2.11 151.25 ± 1.91

LA (lumen area, %) 8.54 ± 0.3 7.71 ± 0.32

LD (lumen diameter, µm) 103.68 ± 1.49 a 97.67 ± 1.58 b

Doppler parameters

Frequency (bpm) 90.02 ± 2.51 a 96.69 ± 2.06 b

RI (Resistive index) 0.56 ± 0.02 0.55 ± 0.02

PI (Pulsatility index) 0.89 ± 0.04 0.84 ± 0.05

When sperm quality was evaluated, significant differences (p < 0.05) between the breed-
ing and non-breeding seasons were observed in the percentages of spermatozoa with high
ROS levels (Table 2), with normal morphology, with a detached head (Figure 1), and in the
rate of acrosome-reacted cells (Figure 2). Nonetheless, when differences between months were
evaluated, significant differences were observed in nearly all the studied parameters, being
more marked between March–April and September (Supplemental Figure S2).
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Table 2. Seasonal differences in seminal quality parameters in Rasa Aragonesa rams. Results are
shown as mean ± SEM. Different letters indicate p < 0.05.

Sperm Parameter Breeding Season
(n = 56)

Non-Breeding Season
(n = 40)

Sperm concentration (×106 cells/mL) 4203.36 ± 176.74 4561.00 ± 237.38

Total motility (%) 90.36 ± 0.69 91.28 ± 0.66

Progressive motility (%) 41.66 ± 1.24 44.95 ± 1.52

Membrane integrity (Viability %) 75.99 ± 1.44 80.37 ± 1.15

Viable spermatozoa without PS 1 translocation (%) 62.17 ± 2.17 59.98 ± 2.27

Spermatozoa with PS 1 translocation (%) 15.23 ± 1.12 16.85 ± 1.13

Viable spermatozoa with low ROS 2 levels (%) 73.3 ± 1.3 74.55 ± 0.97

Spermatozoa with high ROS 2 levels (%) 7.73 ± 0.35 a 9.79 ± 0.4 b

Sperm with DNA fragmentation (%) 8.55 ± 0.46 8.78 ± 0.52
1 PS: phosphatidylserine. 2 ROS: reactive oxygen species.
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matozoa are also shown. 
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mean ± SEM of n = 56 (breeding season) and n = 40 (non-breeding season). Different letters indicate
p < 0.05. Representative images of a normal spermatozoa and sperm abnormalities are also shown.
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Figure 2. Seasonal differences in sperm capacitation state in Rasa Aragonesa rams. Results are shown
as mean ± SEM of n = 56 (breeding season) and n = 40 (non-breeding season). Different letters
indicate p < 0.05. Representative images of a non-capacitated, capacitated and acrosome-reacted
spermatozoa are also shown.

3.2. Correlation between Testicular Parameters and Sperm-Quality Values

We evaluated the correlation between the testicular parameters (testes measurement
and ultrasound analysis) and the sperm-quality parameters at the moment of the testis
evaluation, and at 30 days or 60 days afterwards. Most correlations were found when the
sperm parameters were evaluated simultaneously (Table 3) or 30 days after (Table 4) the
testicular analysis. However, most of these relationships were not apparent when sperm
quality was evaluated 60 days afterwards (Table 5).

When the correlations between testicular size and sperm parameters were evaluated,
the most significant result was a negative one with the viable spermatozoa without PS
translocation, which was found during the three periods of time analyzed (0, 30 or 60 days
later; Tables 3–5). We also found a negative correlation between testicular length and
viability after 30 and 60 days of the measurement and viable spermatozoa with low ROS
levels after 60 days (Tables 4 and 5). A positive correlation between scrotal circumference
and normal sperm morphology was also found after 30 days (Table 3). Testicular size
(length or width) correlated negatively with sperm abnormalities (proximal and distal
cytoplasmic droplet or bent tail) the same day and 30 days later (Tables 3 and 4), although
testicular length also correlated positively with the percentage of spermatozoa with a
detached head (Table 4).

Regarding the echotexture parameters, the macroscopic (standard resolution Ec1-black
pixels, Ec2-white pixels and Ec3-grey pixels) correlated mainly with sperm parameters that
were evaluated 30 days after the scanning (Table 4). When the analysis was performed on
the same-day or 60-day sperm parameters, only a correlation between Ec2 and spermatozoa
with high ROS levels (Table 3) or progressive motility (Table 5) was found. In general,
Ec2 and Ec3 correlated positively with “bad quality” sperm parameters (the percentage
of spermatozoa with high ROS levels (Table 3) or with PS translocation and proximal
cytoplasmic droplet (Table 4)), and negatively with “good quality” sperm parameters (total
and progressive motility, Tables 4 and 5, respectively). Ec1 only correlated negatively with
the percentage of spermatozoa with a detached head 30 days after scanning.
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Table 3. Spearman’s rank correlation coefficient (Spearman’s ρ) between testicular size, echotexture
parameters (evaluated by ultrasound-video analysis and ECOTEXT® software) or testicular-artery
blood flow (assessed by color-Doppler flow imaging) and some sperm parameters, analyzed the
same day of the testes evaluation, in Rasa Aragonesa rams (n = 96). Bold type indicates statistically
significant correlations. * p < 0.05 and ** p < 0.01.
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Ec3 (grey
pixels) 0.142 −0.17 −0.081 −0.114 0.184 −0.079 0.12 0.004 −0.064

TD
(tubular
density)

−0.218 * 0.2 0.371 ** −0.030 −0.225 * 0.233 * −0.338 ** −0.263 ** 0.094

LA (lumen
area) −0.101 0.158 0.182 0.133 −0.238 * 0.109 −0.167 −0.144 0.155

LD (lumen
diameter) −0.024 0.122 0.027 0.173 −0.182 0.024 −0.006 −0.049 0.123

Doppler
parameters

Frequency 0.203 * −0.210 * −0.078 0.072 0.107 −0.196 −0.005 0.05 0.283 **

PI
(Pulsatility

index)
−0.310 ** 0.203 * 0.054 −0.004 −0.304 ** 0.019 −0.176 −0.028 −0.009

RI
(Resistive

index)
−0.30 3 ** 0.186 0.076 −0.012 −0.317 ** 0.045 −0.198 −0.043 −0.002
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Table 4. Spearman’s rank correlation coefficient (Spearman’s ρ) between testicular size, echotexture
parameters (evaluated by ultrasound-video analysis and ECOTEXT® software) or testicular-artery
blood flow (assessed by color-Doppler flow imaging) and some sperm parameters, analyzed 30 days
after the testes evaluation, in Rasa Aragonesa rams (n = 96). Bold type indicates statistically significant
correlations. * p < 0.05 and ** p < 0.01.

Sp
er

m
C

on
ce

nt
ra

ti
on

To
ta

lM
ot

il
it

y

Pr
og

re
ss

iv
e

M
ot

il
it

y

V
ia

bi
li

ty

V
ia

bl
e

Sp
er

m
at

oz
oa

w
it

ho
ut

PS
Tr

an
sl

oc
at

io
n

To
ta

lS
pe

rm
at

oz
oa

w
it

h
PS

Tr
an

sl
oc

at
io

n

To
ta

lS
pe

rm
at

oz
oa

w
it

h
H

ig
h

R
O

S
Le

ve
ls

Sp
er

m
w

it
h

D
N

A
Fr

ag
m

en
ta

ti
on

N
or

m
al

M
or

ph
ol

og
y

D
ET

A
C

H
ED

H
EA

D

Pr
ox

im
al

C
yt

op
la

sm
ic

D
ro

pl
et

D
is

ta
lC

yt
op

la
sm

ic
D

ro
pl

et

Testicular
size

Scrotal
circunfer-

ence
−0.140 0.080 0.039 −0.056 −0.087 0.074 0.129 0.093 0.203 * −0.003 −0.029 −0.129

Testicular
width −0.167 0.205 * 0.007 0.009 −0.062 0.039 0.080 −0.034 0.196 0.032 −0.024 −0.212 *

Testicular
length −0.195 −0.161 −0.065 −0.229 * −0.284 * 0.081 −0.070 0.115 0.105 0.255 * −0.082 −0.042

Testicular
volume −0.172 −0.026 0.003 −0.162 −0.213 * 0.097 0.046 0.122 0.167 0.110 −0.041 −0.098

ECOTEXT®

parame-
ters

Ec1 (black
pixels) −0.015 0.14 −0.016 −0.052 0.090 −0.099 −0.099 −0.15 −0.140 −0.251 * −0.065 −0.174

Ec2
(white
pixels)

−0.013 −0.255 * −0.124 0.001 −0.071 0.236 * 0.169 0.137 0.044 0.039 0.201 * 0.132

Ec3 (grey
pixels) −0.014 −0.232 * −0.086 −0.034 −0.104 0.218 * 0.150 0.12 0.108 0.091 0.147 0.127

TD
(tubular
density)

−0.134 0.234 * 0.295 ** −0.226 * −0.052 −0.145 −0.194 −0.216 * 0.171 −0.087 −0.291 ** −0.312 **

LA
(lumen

area)
−0.043 0.229 * 0.125 −0.081 0.098 −0.194 −0.140 −0.17 −0.079 −0.157 −0.134 −0.207 *

LD
(lumen

diameter)
0.038 0.157 −0.015 0.05 0.130 −0.138 −0.098 −0.102 −0.153 −0.156 −0.105 −0.09

Doppler
parame-

ters

Frequency 0.232 * 0.091 0.023 0.029 0.083 −0.039 0.050 0.04 0.062 −0.021 −0.095 −0.054

PI (Pul-
satility
index)

−0.164 0.071 0.032 −0.159 −0.067 −0.001 −0.194 0.021 0.046 0.057 −0.149 −0.101

RI
(Resistive

index)
−0.179 0.068 0.027 −0.168 −0.081 −0.001 −0.206 * 0.008 0.086 0.074 −0.184 −0.12
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Table 5. Spearman’s rank correlation coefficient (Spearman’s ρ) between testicular size, echotexture
parameters (evaluated by ultrasound-video analysis and ECOTEXT® software) or testicular-artery
blood flow (assessed by color-Doppler flow imaging) and some sperm parameters, analyzed 60 days
after the testes evaluation, in Rasa Aragonesa rams (n = 96). Bold type indicates statistically significant
correlations. * p < 0.05 and ** p < 0.01.
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Testicular
size

Scrotal cir-
cunference −0.105 −0.030 −0.072 −0.063 −0.156 −0.019 −0.008 −0.156

Testicular
width −0.155 −0.093 0.011 −0.081 −0.057 −0.005 −0.024 −0.056

Testicular
length −0.139 −0.172 −0.281 ** −0.344 ** −0.235 ** −0.042 0.020 −0.053

Testicular
volume −0.124 −0.090 −0.191 −0.223 * −0.221 * −0.022 −0.009 −0.127

ECOTEXT®

parameters

Ec1 (black
pixels) −0.043 0.09 0.087 0.095 0.053 0.063 −0.09 −0.026

Ec2 (white
pixels) −0.052 −0.231 * 0.03 0.033 −0.051 0.02 0.014 0.116

Ec3 (grey
pixels) −0.099 −0.178 −0.019 −0.055 −0.083 0.026 0.016 0.066

TD (tubular
density) −0.329 ** 0.155 −0.209 * −0.125 −0.156 0.001 −0.032 −0.266 **

LA (lumen
area) −0.062 0.158 −0.018 0.057 0.013 −0.01 −0.035 −0.126

LD (lumen
diameter) 0.081 0.158 0.084 0.112 0.100 0.017 −0.05 0.043

Doppler
parameters

Frequency 0.025 −0.01 −0.193 −0.077 −0.149 −0.256 * 0.296 ** −0.01

PI
(Pulsatility

index)
−0.084 0.011 0.001 −0.118 0.014 0.163 −0.158 −0.159

RI (Resistive
index) −0.116 0.021 −0.033 −0.153 0.002 0.137 −0.128 −0.176

Among the microscopic, high-resolution echotexture parameters, the tubular density
(TD) showed more correlations with the sperm parameters. Overall, TD showed a positive
correlation with “good quality” sperm parameters, such as total (Table 3) and progressive
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motility (Tables 3 and 4), and normal morphology (Table 3), and a negative correlation with
the “bad quality” sperm parameters: the percentage of spermatozoa with high ROS levels
(Table 3), with DNA fragmentation (Table 4) or with proximal (Tables 3 and 4) or distal
cytoplasmic droplet (Tables 3–5). However, a negative correlation between TD and sperm
concentration (Tables 3 and 5) or viability (Tables 4 and 5) was also found. The lumen area
correlated negatively with total spermatozoa with high ROS levels that were obtained the
same day of scanning and positively with the total motility of the sample obtained 30 days
later. Lumen diameter did not correlate with any sperm parameters.

The main correlations for the Doppler parameters were found with sperm parameters
that were evaluated the same day of the ultrasound analysis (Table 3). The frequency
correlated positively with sperm concentration and the percentage of spermatozoa with
a bent tail and negatively with total motility, whereas PI and RI correlated negatively
with sperm concentration and spermatozoa with high ROS levels. PI was also positively
related to total motility. These correlations were not apparent when the semen quality was
studied 30 days after Doppler evaluation, and only the frequency–sperm-concentration and
RI–high-ROS-level correlations were maintained (Table 4). Finally, a negative correlation
between the frequency and non-capacitated spermatozoa and a positive correlation with
capacitated sperm were found when the sperm parameters were evaluated after 60 days
(Table 5).

3.3. Correlation between Ultrasonographic and Morphometric Parameters

All testicular-measurement parameters correlated negatively with Ec1, LA and LD and
positively with Ec3 (except for testicular width, which showed a negative correlation with
LD). Ec2 correlated positively with testicular volume and scrotal circumference (Table 6).
No correlation was found between testicular measures and tubular density.

On the other hand, when the correlation between the Doppler parameters and echotex-
ture was evaluated, the frequency showed a negative correlation with Ec1 and LA (Table 7).
PI and RI correlated negatively with Ec2 and Ec3 and positively with Ec1, TD, LA and LD.
No correlation was found between the Doppler parameters and testicular size (Table 7).

Table 6. Spearman’s rank correlation coefficient (Spearman’s ρ) between testicular size and echotex-
ture parameters (evaluated by ultrasound-video analysis and ECOTEXT® software) in Rasa Aragonesa
rams (n = 96). Bold type indicates statistically significant correlations. * p < 0.05 and ** p < 0.01.

Ec1 (Black
Pixels)

Ec2 (White
Pixels)

Ec3 (Grey
Pixels)

TD (Tubular
Density)

LA (lumen
AREA)

LD (Lumen
Diameter)

Scrotal
circumference −0.249 * 0.245 * 0.299 ** 0.093 −0.227 * −0.365 **

Testicular
width −0.188 0.145 0.171 0.118 −0.134 −0.245 *

Testicular
length −0.271 ** 0.184 0.236 * 0.176 −0.210 * −0.361 **

Testicular
volume −0.273 ** 0.226 * 0.287 ** 0.155 −0.225 * −0.391 **
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Table 7. Spearman’s rank correlation coefficient (Spearman’s ρ) between testicular size or echotexture
parameters (evaluated by ultrasound-video analysis and ECOTEXT® software) and testicular-artery
blood flow (assessed by color-Doppler flow imaging) in Rasa Aragonesa rams (n = 96). Bold type
indicates statistically significant correlations. * p < 0.05 and ** p < 0.01.

Frequency Pulsatility Index (PI) Resistive Index (RI)

Testicular size

Scrotal circumference −0.067 −0.102 −0.111

Testicular width 0.160 −0.026 −0.024

Testicular length 0.041 0.083 0.109

Testicular volume −0.037 −0.005 −0.002

ECOTEXT®

parameters

Ec1 (black pixels) −0.226 * 0.314 ** 0.308 **

Ec2 (white pixels) 0.171 −0.422 ** −0.430 **

Ec3 (grey pixels) 0.179 −0.369 ** −0.371 **

TD (tubular density) −0.120 0.490 ** 0.520 **

LA (lumen area) −0.211 * 0.386 ** 0.387 **

LD (lumen diameter) −0.192 0.225 * 0.218 *

4. Discussion

Testicular ultrasonography has been postulated, along with testes measurement, as
a non-invasive method to assess the reproductive soundness of sires. Moreover, recent
software and ultrasound-probe developments have allowed the evaluation of microscopic
structures within the testis parenchyma. Thus, in this work, we have investigated seasonal
variations in testicular echotexture parameters, evaluated at the macroscopic and micro-
scopic level by ultrasound-video analysis, and their relationship with testicular size and
sperm-quality parameters.

The mean values obtained after echotexture evaluation with ECOTEXT® software were
similar to those previously reported for the ram [39]. When the effect of the season was
evaluated, a decrease in Ec1 (black pixels) and the seminiferous-tubule lumen diameter (LD)
during the non-breeding season were found. Previous studies had shown an increase in
testicular numerical-pixel values (NPVs) and pixel heterogeneity during the NB season [15,16]
that could have been related to changes in the seminiferous tubules [13,14]. Our work
revealed that these seasonal differences were due to a decrease in the number of black
pixels and the diameter of the ST lumen, without changes in ST density or the percentage
of the lumen area. Regarding the Doppler analysis, we only found seasonal differences
in pulse frequency, in contrast with Hedia et al. [27], who recorded a marked increase in
RI and PI values during the spring and summer. However, despite the lack of seasonal
differences, we similarly detected significant differences in PI between the coldest and the
hottest months of the year. Thus, the changes in Doppler parameters in the ram could
be due to environmental temperature changes and not to physiological variations due to
seasonal reproduction, as has been suggested for bucks [26].

We also studied testicular size and volume throughout the year because they are
commonly considered a good index of sperm production [40] and an important feature
in male selection [41]. Although previous studies suggested a seasonal variation in ram
testicular size and volume [4,8,42], our study showed no significant differences in any
measurements analyzed between B and NB seasons. However, we found some differences
between the hottest and coldest months of the year, as in other sheep breeds [27,43].
Moreover, in other studies, a significant positive correlation between testicle volume and
air temperature has also been observed [40,43].
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When the correlation between testicular measurement and ultrasound values was
evaluated, we found a negative correlation between testis size and volume and Ec1 and
a positive correlation with Ec2 and Ec3. Thus, as testicular size increases, black pixels
decrease, and white and grey pixels increase. This result suggests that the testicular size
increase is caused by the rise in the number of cells within the seminiferous tubules and
not by an increase in tubule density or lumen size. This hypothesis is corroborated by the
negative correlation between testicular size and lumen-related parameters (lumen area and
diameter) and the lack of correlation with tubular density. Previous studies showed that
testicular lipid-content variations could be evaluated by testicular ultrasonography [44].
Lipids are highly echogenic, so increasing cellular density would increase the grey and
white pixels due to the lipids present in the cell membranes. Other studies have also
demonstrated that the increase in the testes echogenicity during puberty in bull calves was
due to a rise in the numbers of cells within the seminiferous tubules [45].

We did not find any correlation between testicular measurements and the Doppler
parameters, in contrast with previous studies [27] in which a negative correlation between
testicular volume and RI and PI was found. However, the method used in those studies for
the testicular-volume calculation was different. Nonetheless, when the correlation between
echotexture and the Doppler parameters was evaluated, PI and RI correlated negatively
with Ec2 and Ec3 and positively with Ec1 and all of the microscopic ultrasound parameters.
RI and PI are inversely linked to the blood-flow perfusion, so our results suggest that an
increase in blood flow in the testis would increase the number of cells within the seminal
tubule, thus reducing the lumen area as other authors suggested [45].

Nonetheless, the main goal of our study was to determine the predictive capacity of tes-
ticular echography (both echotexture evaluation and testicular-artery Doppler analysis) and
testicular measurement on sperm quality, evaluated with classical and non-conventional
parameters.

We only found seasonal differences in the percentage of spermatozoa with high ROS
levels, acrosome-reacted spermatozoa and sperm morphology. These results contrast with
other studies, which found differences in motility, concentration, sperm morphology or
membrane integrity [7,16,46]. It is probable that our continuous regime of semen extraction
can overcome the loss of seminal quality provoked by the non-reproductive season in
the ram, although differences in breed or geographical location could also influence the
response to seasonality [47].

The correlation analysis was performed between ultrasound parameters and seminal
quality at the moment of scanning and 30 and 60 days later. Most correlations were
found with semen that was obtained the same day or 30 days after ultrasonography.
Ram spermatogenesis in the seminiferous tubule lasts 47 days [48]. ECOTEXT® software
evaluates ST density and lumen characteristics, which could be more closely related to
the final phase of the spermatogenesis, i.e., the spermiogenesis. Other similar studies
using the pixel intensity and pixel heterogeneity of testicular parenchyma had observed
correlations between testicular echotexture and the quality of semen obtained two or
four weeks after ultrasound examination in bulls [49], and the same day [16] or 60 days
afterwards in rams [15]. This suggests that testicular pixel values might be a good predictor
of future sperm quality. Our study, in which we could differentiate between black, white
and grey pixels, revealed that Ec2 and Ec3 (white and grey pixels, respectively) correlated
positively with “bad quality” sperm parameters and negatively with “good quality” ones,
especially between those parameters related to apoptosis and the sperm collected 30 days
after ultrasound evaluation. Thus, an increase in Ec2 and Ec3 could indicate a present
or near-future decrease in seminal quality. In this study, we also found that the increase
in testicular size increased Ec2 and Ec3, and a negative correlation between testicular
dimensions and viability, viable sperm without PS translocation, and low ROS levels. Thus,
if an increase in white and grey pixels indicates an increase in the number of cells within
the seminiferous tubules, as studies in prepubertal males suggest [13,45,50], then this
excess of cells could initiate the apoptosis process or induce oxidative stress that could
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compromise future seminal quality and fertility [31,51]. Regarding microscopic echotexture
parameters, TD and LA correlated positively with “good quality” sperm parameters and
negatively with “bad” ones, especially with those related to sperm morphology and ROS or
apoptotic damage, which suggests that both of them could be predictors of good seminal
quality. Although other studies have previously observed a correlation between testicular
echotexture and sperm morphology [15,16] or DNA fragmentation [28], this is the first
time, to the best of our knowledge, that testicular echotexture has been correlated to sperm
physiological parameters such as oxidative stress or apoptotic state.

Finally, when the Doppler results were analyzed, the majority of correlations were
found with seminal-quality parameters that were evaluated the same day. We found a
negative correlation between both PI and RI with sperm concentration, consistent with the
results obtained by Hedia et al. [27] and Ntemka et al. [28], but also with spermatozoa with
high ROS levels. Thus, although the semi-hypoxic environment in the testis could prevent
oxygen-radical damage to sperm [52], changes in blood-flow perfusion and oxygen tension
could affect sperm quality at the moment of ejaculation or even a month later [53].

5. Conclusions

In conclusion, echotexture analysis by ultrasound-video analysis could be a valuable
tool for assessing the breeding soundness of rams. An increase in Ec2 and Ec3 could indicate
a decrease in seminal quality, and tubular density and lumen area could be predictors of
good seminal quality.
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Simple Summary: Analysis of sperm performance under in vitro conditions provides a good indica-
tion of fertilizing potential. Parameters such as motility, swimming kinetics, acrosome integrity, or
ATP content are thus examined in efforts to characterize such potential. Hamster species are a good
model to study sperm parameters that are key determinants of fertilizing capacity because these
species are at the higher end of the diversity of mammalian sperm morphology and performance.
In vitro functional studies demand that sperm remain viable during a long period of time under
conditions that resemble those in the female tract. Sperm from certain species require supplementa-
tion of the incubation medium with factors that stimulate viability and swimming, or that promote
acquisition of fertilizing capacity. Molecules important for sperm performance in hamsters have been
identified, namely D-penicillamine, hypotaurine and epinephrine (PHE). In the present study, we
investigated the effect of PHE on spermatozoa from five hamster species incubated for up to 4 h. Our
results revealed that PHE maintains sperm performance in the golden hamster, whereas it improves
sperm quality in the Chinese hamster. In contrast, it does not seem to have any effect on sperm from
the Siberian (Djungarian), Roborovski and Campbell’s dwarf hamsters. These results are valuable to
understand the different regulatory mechanisms of sperm motility and survival in different species.

Abstract: Assessments of sperm performance are valuable tools for the analysis of sperm fertilizing
potential and to understand determinants of male fertility. Hamster species constitute important
animal models because they produce sperm cells in high quantities and of high quality. Sexual
selection over evolutionary time in these species seems to have resulted in the largest mammalian
spermatozoa, and high swimming and bioenergetic performances. Earlier studies showed that golden
hamster sperm requires motility factors such as D-penicillamine, hypotaurine and epinephrine (PHE)
to sustain survival over time, but it is unknown how they affect swimming kinetics or ATP levels
and if other hamster species also require them. The objective of the present study was to examine
the effect of PHE on spermatozoa of five hamster species (Mesocricetus auratus, Cricetulus griseus,
Phodopus campbelli, P. sungorus, P. roborovskii). In sperm incubated for up to 4 h without or with
PHE, we assessed motility, viability, acrosome integrity, sperm velocity and trajectory, and ATP
content. The results showed differences in the effect of PHE among species. They had a significant
positive effect on the maintenance of sperm quality in M. auratus and C. griseus, whereas there was no
consistent effect on spermatozoa of the Phodopus species. Differences between species may be the
result of varying underlying regulatory mechanisms of sperm performance and may be important to
understand how they relate to successful fertilization.

Keywords: sperm performance; hamster; sperm motility; acrosome integrity; ATP content;
Mesocricetus auratus; Cricetulus griseus; Phodopus sungorus; Phodopus roborovskii; Phodopus campbelli
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1. Introduction

Sperm performance, a major determinant of male fertility, can be dissected into a
series of traits that are intricately connected to sperm fertilizing potential [1,2]. Therefore, a
combination of various performance parameters is usually assessed to evaluate the quality
of sperm samples and predict its fertilizing potential in man and other animals [2–10].
Sperm viability, motility and kinetics, as well as acrosome integrity, are all linked to sperm
survival. The proportion of motile sperm and the velocity of spermatozoa are essential
for sperm to swim along the cervix, uterus and the uterotubal junction, and cells that
show higher values in these parameters also have higher chances to reach and fertilize the
ovum [11]. The assessment of sperm motility may be carried out subjectively, estimating
the percentage of motile sperm by microscopic visualization, and objectively through
the quantification of sperm swimming parameters by computer aided sperm analysis
(CASA) [1,2,10,12,13].

The sperm acrosome contains enzymes that are released during exocytosis, an essential
step required for penetration of the oocyte’s vestments [14]. The timing of release is
important, so the integrity of the acrosome during sperm transport in the female tract
and, in particular, along the oviduct, has to be preserved in order to ensure fertilizing
potential [15]. Controversy still exists as to which is the site where acrosomal exocytosis
takes place or which is the physiological ligand (or ligands) responsible for initiating
exocytosis [16–19]. Nevertheless, since this is a key event in the processes leading to
completion of fertilization, acrosomal status has become a valuable assessment of fertilizing
potential [20].

Other relevant sperm parameters relate to sperm bioenergetics, with sperm ATP
content serving as an indicator of the balance between sperm ATP production and con-
sumption [21]. High ATP levels are positively correlated to sperm swimming velocity
in rodents [22] and mammals in general [23]. Moreover, assessments of the variation in
sperm ATP content and sperm traits over time among rodent species revealed that mainte-
nance of high performance in species with high competitive ability is associated with high
concentrations of intracellular ATP over time [22,24,25].

Exogenous factors could influence sperm performance in vivo and under in vitro
conditions [26]. Besides the provision of energetic substrates that are fundamental for
the production of ATP for sperm motility and survival, conditions in the female tract
promote the acquisition of sperm’s fertilizing ability, a process known as capacitation [27].
Among physical factors, extracellular pH, temperature, and viscosity are known to affect
the survival and performance of sperm cells [28–35]. Several biological factors are also
known to have important roles in sperm survival in vivo and in vitro. Early efforts to
achieve in vitro fertilization had to rely on homologous or heterologous serum to ensure
sperm survival and the acquisition of fertilizing ability [36,37]. Better definition of media
was possible with replacement of serum by bovine serum albumin. However, these media
were still not completely defined [38]. Components of the extracellular milieu may be
required to sustain sperm motility, and variations between species may exist regarding the
nature of such components. For golden hamster (Mesocricetus auratus) spermatozoa, one
set of important motility factors are catecholamines, which maintain and stimulate sperm
motility in vitro [39]. Within the group of catecholamines, epinephrine is an essential
co-factor for golden hamster sperm as it activates motility as well as Na+/K+ ATPase
and Ca2+-ATPase [40], and it is also involved in the acquisition of fertilizing ability [41].
However, epinephrine is not able to maintain golden hamster sperm motility on its own,
and a second factor, hypotaurine, is also essential. Hypotaurine is a superoxide scavenger
that functions inhibiting lipid peroxidation and superoxide dismutase [42], which prevents
motility loss. Hypotaurine and epinephrine together also cause a mild increase of the
acrosome reaction in hamster sperm [43]. Other factors have been shown to influence
hamster sperm function [44–46].

Another molecule of interest, with regards to hamster sperm survival, is D-penicillamine.
This is an α-amino acid which acts as a cation chelator, protecting sperm from oxidation
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in several species [40,47–50]. As a zinc chelator, D-penicillamine facilitates capacitation,
acting in the early step of this process because it removes most of the zinc within the
first ten minutes of its addition, but it is not enough to support full capacitation [51].
D-penicillamine also prolongs hyperactivated motility [52]. This amino acid together
with epinephrine and hypotaurine (PHE: penicillamine + hypotaurine + epinephrine)
act as motility factors, necessary for the maintenance of golden hamster sperm motility
in vitro [51]. The addition of PHE to incubation media maintains golden hamster sperm
motility within the first hour [53,54] and also promotes sperm capacitation in this [54] and
other species [55]. The synergistic effect of the three components of PHE can reactivate
immotile spermatozoa of golden hamsters [56].

Many early studies of sperm function have used the golden hamster as a model,
particularly because of the ease of examining acrosomal status in motile spermatozoa [57].
Studies of sperm behavior in a related species, the Chinese hamster (Cricetulus griseus), have
been performed [58–60] and these studies have also identified the need to support sperm
viability and motility over time to achieve fertilization. Similar requirements seem to exist
for Siberian hamster (Phodopus sungorus) spermatozoa because low success was achieved in
in vitro fertilization with a variety of media and supplements [61], but characterization of
these requirements has not been undertaken. Hamsters are a valuable model for studies
of sperm-oocyte recognition and interaction. Hybridization has been observed among
hamsters (Mesocricetus species: [62–66]; Phodopus species: [67]; Allocricetulus species: [68]),
and cross-fertilization in vitro between golden and Chinese hamsters has been reported [37].
Despite the potential of this group of species as a model for sperm biology, little is still
known about the spermatozoa and fertilization of most species in this group. Comparative
and evolutionary studies are needed to understand diversity in function and underlying
mechanisms of sperm survival, capacitation and acrosomal exocytosis. Hamster species
are attractive because they are at the higher end of the range of mammalian sperm dimen-
sions [69,70], have high sperm swimming velocities [22] and exhibit high levels of sperm
ATP [22,24]. Such traits, characterizing these species as high performers, may be the result
of intense sperm competition [71]. Detailed comparative studies of sperm performance may
therefore be rewarding in hamsters of the subfamily Cricetinae for which good background
information of phylogenetic relations currently exists based on molecular studies [72] and
chromosome evolution [73,74].

In the present study, we evaluated whether several biological molecules had a role in
the performance of spermatozoa from five different species of hamster: Mesocricetus auratus,
Cricetulus griseus, Phodopus campbelli, P. sungorus and P. roborovskii, focusing on sperm
motility, viability, sperm kinematics, acrosome integrity, and bioenergetics. Spermatozoa
from these species are at the higher end of the range of sperm quality parameters among
rodent species [22,24]; thus, a detailed analysis of modulators of sperm function in these
species could help understand determinants of male fertility.

2. Materials and Methods
2.1. Reagents

Unless stated otherwise, reagents were purchased from Sigma or Merck (both of
Madrid, Spain).

2.2. Animals and Sperm Collection

Adult males (4–6 months old) of Cricetulus griseus (n = 5), Mesocricetus auratus (n = 6),
Phodopus campbelli (n = 5), P. sungorus (n = 7), and P. roborovskii (n = 5) were kept in
captivity in our animal facilities. Animals were maintained under standard conditions
(14 h light–10 h darkness, 22–24 ◦C), with food and water provided ad libitum. Each
male to be used in this study was housed alone (i.e., in individual cages) for at least one
month before sperm collection. Males were sacrificed by cervical dislocation and weighed
immediately. Testes were then removed and weighed. Relative testes size was calculated
using the potential equation defined for rodents by Kenagy and Trombulak [75].
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The caudae epididymides were excised after removing all blood vessels, fat, and
surrounding connective tissues. Each cauda epididymis was placed in a Petri dish con-
taining one of two variants of culture medium pre-warmed to 37 ◦C and spermatozoa
were collected by performing three to five incisions in the distal region of the cauda, and
allowing them to swim out for 5 min. As standard medium (“control” treatment), we
used a Hepes-buffered modified Tyrode medium with albumin (see mT-H in [76]), with
the addition of lactate and pyruvate (mTALP: 120.89 mM NaCl, 2.68 mM KCl, 0.49 mM
MgCl2·6H2O, 0.36 mM NaH2PO4·2H2O, 20 mM Hepes, 1.80 mM CaCl2, 5.56 mM glucose,
1 mM sodium pyruvate, 10 mM sodium lactate, 4 mg mL−1 bovine serum albumin) under
air (pH 7.4). A modified medium (PHE treatment) was mTALP supplemented with 20 µM
D-penicillamine, 100 µM hypotaurine, and 1 µM epinephrine. Sperm suspensions were
placed in plastic tubes, where sperm concentration was estimated by using a modified
Neubauer chamber and adjusted to 20 × 106 sperm mL−1 by diluting with medium. Sperm
parameters were assessed in the sperm suspensions corresponding to each treatment im-
mediately after adjusting the concentration (hereafter referred as 0 h), and after 2, 3, and
4 h of incubation at 37 ◦C under air. Large-bore pipette tips were used to minimize damage
to spermatozoa in all procedures.

2.3. Sperm Motility, Viability and Acrosomal Integrity

Sperm motility was evaluated by examining 10 µL of a previously diluted sperm
suspension, placed between a pre-warmed slide and a coverslip, at 100× magnification
under phase-contrast optics. The percentage of motile sperm was estimated by at least two
independent, experienced observers, whose estimations were averaged and rounded to the
nearest 5% value.

The assessment of sperm viability and acrosome integrity was performed by staining
sperm first with eosin-nigrosin and subsequently with Giemsa [77]. Briefly, 5 µL sperm
suspension and 10 µL eosin-nigrosin solution were mixed on a glass slide placed on a stage
at 37 ◦C and 30 s later the mix was smeared and allowed to air-dry. Smears were fixed by
immersion during 10 min in a solution of 4% formaldehyde in TPB buffer. After fixation, the
smears were stained with Giemsa solution and mounted with DPX. Slides were examined
at 1000× under bright field and 200 spermatozoa per male were examined to evaluate
sperm viability and integrity of the acrosome. Viable spermatozoa were those excluding
eosin (from the eosin-nigrosin stain). Acrosome integrity was reported as the percentage of
sperm with intact acrosomes, excluding cells that showed damaged or missing acrosomes.

2.4. Sperm Velocity and Trajectory

To assess sperm swimming velocity and trajectory, an aliquot of sperm suspension was
placed in a pre-warmed microscopy chamber with a depth of 20 µm (Leja, Nieuw-Vennep,
The Netherlands) and filmed using a phase contrast microscope with pseudo-negative
phase connected to a digital video camera (Basler A312fc, Vision Technologies, Glen Burnie,
MD, USA). A 4× objective was used instead of the 10× objective traditionally used for
CASA analysis on sperm from humans and domestic animals. This resulted in larger field of
observation, which allowed for tracking of the unusually large and fast hamster sperm for
longer, and a deeper focal plane to account for the depth of the observation chamber. Sperm
trajectories were assessed using a computer aided sperm analyzer (Sperm Class Analyzer—
SCA v.4.0, Microptic, Barcelona, Spain), and the following swimming parameters were
estimated for each track: curvilinear velocity (VCL, µm s−1), straight-line velocity (VSL,
µm s−1), average path velocity (VAP, µm s−1), linearity (LIN = VSL/VCL), straightness
(STR = VSL/VAP), wobble (WOB = VAP/VCL), amplitude of lateral head displacement
(ALH, µm), and beat-cross frequency (BCF, Hz). The software was set with frame rate
50 s−1, maximum particle size 500 µm, minimum particle size 50 µm, connectivity 30,
contrast 400, and brightness 160. All video captures were compared to their overlaying
analyzed tracks, and trajectories that did not belong to sperm were removed. In addition,
trajectories with VAP values lower than 20 µm s−1, and LIN, STR and WOB values of 100 in
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the post-capture analysis were discarded as these are typical of drifting but immotile sperm
or other non-sperm particles. Since spermatozoa of Cricetulus griseus are significantly larger
than those of the other species studied (about 250 µm [69]), and their head has a slender
falciform shape that makes it almost undistinguishable from the midpiece in the moving
sperm, the SCA software was not able to obtain accurate sperm trajectories. Thus, data on
sperm velocity and trajectory for C. griseus are not presented.

2.5. Sperm ATP Content

Sperm ATP content was measured using a luciferase-based ATP bioluminescent assay
kit (Roche, ATP Bioluminescence Assay Kit HS II), as previously described [22,24]. A
100 µL-aliquot of diluted sperm suspension was mixed with 100 µL of Cell Lysis Reagent,
vortexed and incubated at room temperature for 5 min. The resulting cell lysate was
centrifuged at 12,000× g for 2 min, and the supernatant was recovered and frozen in liquid
N2. Bioluminescence was measured in triplicate in 96-well plates using a luminometer
(Varioskan Flash, Thermo Fisher Scientific Inc., Waltham, MA, USA). In each well, 50 µL of
Luciferase reagent were added to 50 µL of sample (via auto-injection), and, following a 1 s
delay, light emission was measured over a 10 s integration period. Standard curves were
constructed using solutions containing known concentrations of ATP diluted in mTALP
and Cell Lysis Reagent in a proportion equivalent to that of the samples. ATP content was
expressed as amol sperm−1.

2.6. Data Analysis
2.6.1. Principal Component Analyses for Sperm Velocity Parameters

Since swimming parameters tend to be highly correlated [78], principal component
analyses (PCA) were performed to construct variables that summarize the information
obtained through CASA. The variables were divided in two groups defining sperm velocity
(VCL, VSL, VAP) and sperm trajectory (LIN, STR, WOB, ALH, BCF) and one independent
PCA was carried out for each group. The first principal component for the velocity group
(VPC1) accounted for 91.8% of the variability in the three summarized variables (VCL,
VSL, VAP), while the second principal component (VPC2) only accounted for 7.6% of
the variability (Figure 1A). The three sperm velocity descriptors showed extremely high
correlation coefficients with VPC1 and were weakly or non-significantly correlated with
VPC2 (Table 1). For the trajectory, the first principal component (TPC1) accounted for 58.4%
of the variability, while the second principal component (TPC2) represented 26.6% of the
variability (Figure 1B). Although the five variables included in this group were correlated
with TPC1, the strength of the correlation was higher for LIN, STR, and WOB (Table 1). On
the other hand, ALH and BCF showed a stronger correlation with TPC2 (Table 1). Thus,
VPC1, TPC1 and TPC2 values for each treatment and species were used as our integrated
sperm velocity and trach shape measures.

2.6.2. Statistical Analyses

The effect of incubation with PHE on sperm parameters over time was analyzed with
a two-factor repeated-measures ANOVA for each species, using treatment (2 levels: control
and PHE) and time (4 levels: 0, 2, 3, 4 h) as factors. Differences between conditions were
analyzed through a post-hoc DGC multiple comparisons test [79]. All variables were log10-
transformed for statistical purposes, with the exception of percentages (motility, viability,
acrosome integrity, LIN, STR and WOB), which were arcsine-transformed. The statistical
analyses were performed using SPSS Statistics (SPSS v.23.0.0.0; SPSS, IBM Corporation,
Somers, NY, USA), and InfoStat v.2015p (Grupo Infostat, Universidad Nacional de Córdoba,
Córdoba, Argentina) with α = 0.05.
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Table 1. Loadings and correlation of sperm traits with principal components of sperm velocity and
trajectory shape in five hamster species. Values presented are Pearson’s correlation coefficients.
Significant correlation coefficients (p < 0.05) are shown in bold. PC1: principal component 1. PC2:
principal component 2. Variable values were log10 or arcsine transformed prior to analysis.

Variables
Factor Loadings Factor Correlation

PC1 PC2 PC1 PC2

Sperm velocity principal components:
Curvilinear velocity 0.5667 −0.7023 0.9405 −0.3345
Straight-line velocity 0.5658 0.7118 0.9390 0.3390
Average path velocity 0.5989 −0.0079 0.9938 −0.0038

Sperm trajectory shape principal components
Linearity 0.5800 0.0041 0.9914 0.0047
Straightness 0.5008 0.1996 0.8560 0.2302
Wobble coefficient 0.5261 0.0217 0.8992 0.0251
Amplitude of lateral head displacement −0.3498 0.5869 −0.5980 0.6767
Beat-cross frequency 0.1167 0.7844 0.1995 0.9045

3. Results
3.1. Relative Testes Size and Sperm Numbers

Body mass, testes mass, relative testes size and sperm numbers per individual are
presented in Table 2. The mass of testes in relation to body mass was high in all species
when compared with other species of muroid rodents (see [22,77]). Among the species
examined here, Cricetulus griseus showed the highest relative testes size (sensu [75]), while
Phodopus sungorus presented the smallest testes in relation to body mass.
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3.2. Sperm Motility, Viability, Acrosome Integrity and ATP Content

Initial sperm motility (~80–90%), viability (~95–99%), and acrosome integrity (~75–90%)
were high for all species in both media (Table 3). In addition, sperm of the five species
showed relatively high initial ATP content in media without and with PHE (Table 3) when
compared with other muroid rodent species (see [24,80]). In general, sperm showed a
significant gradual decline in their motility and acrosome integrity throughout the 4 h of
incubation (Table 4, Figure 2) with the exception of Mesocricetus auratus spermatozoa which
exhibited a more pronounced decrease in motility between 0 and 2 h of incubation, with
a slight decrease afterwards (Figure 2D). Sperm ATP content also decreased significantly
with time in the five species (Table 4), with a pronounced phase of decline between 0 and
2 h of incubation in four of the five species (Figure 2), and a more constant decrease over
the 4 h of incubation in the case of C. griseus (Figure 2C). Sperm viability did not change
significantly during incubation time in any of the five species, maintaining high values
(>90%) in all species with both treatments (Table 4, Figure S1).

Table 2. Corporal measurements and sperm numbers in five hamster species. Values indicate mean
± standard error. RTS: relative testes size calculated according to Kenagy and Trombulak [75].

Species Body Mass (g) Testes Mass (g) RTS Sperm Numbers (×106)

Cricetulus griseus 33.72 ± 0.38 1.78 ± 0.04 3.83 ± 0.11 88.00 ± 07.65
Mesocricetus auratus 125.00 ± 1.63 3.50 ± 0.12 2.75 ± 0.11 585.88 ± 36.81
Phodopus campbelli 48.55 ± 3.90 2.01 ± 0.08 3.30 ± 0.21 317.82 ± 25.12
Phodopus sungorus 46.82 ± 1.25 0.94 ± 0.06 1.58 ± 0.13 160.76 ± 27.07

Phodopus roborovskii 25.72 ± 1.15 1.06 ± 0.04 2.82 ± 0.12 175.64 ± 26.59

Table 3. Sperm motility, acrosome integrity, viability and ATP content in five hamster species. Values
correspond to mean and standard error (SE) for spermatozoa in the absence (control) or presence of
penicillamine, hypotaurine and epinephrine (PHE) at the start of the incubation period (time zero).

Species Variable
Control PHE

Mean SE Mean SE

Cricetulus griseus

Motility (%) 80.00 1.58 83.00 2.00
Acrosome Integrity (%) 88.60 2.62 89.20 2.92

Viability (%) 94.00 1.41 95.60 1.29
ATP content (amol cell−1) 449.34 51.76 489.47 53.91

Mesocricetus auratus

Motility (%) 79.17 2.01 84.17 2.01
Acrosome Integrity (%) 86.83 2.21 85.50 1.61

Viability (%) 98.67 0.42 97.83 0.75
ATP content (amol cell−1) 437.68 63.39 368.09 16.23

Phodopus campbelli

Motility (%) 88.00 1.22 84.00 2.45
Acrosome Integrity (%) 88.60 1.69 86.86 1.09

Viability (%) 99.40 0.40 99.40 0.40
ATP content (amol cell−1) 339.83 20.64 379.83 24.23

Phodopus sungorus

Motility (%) 84.29 1.70 81.43 1.80
Acrosome Integrity (%) 79.71 3.89 74.86 3.74

Viability (%) 98.43 0.48 98.29 0.36
ATP content (amol cell−1) 369.20 59.19 435.80 83.28

Phodopus roborovskii

Motility (%) 89.00 1.00 87.00 1.22
Acrosome Integrity (%) 86.80 3.14 87.40 2.62

Viability (%) 96.40 0.93 96.40 1.69
ATP content (amol cell−1) 459.57 33.29 467.05 32.20

The incubation in a medium with PHE showed a significantly positive effect on sperm
motility in C. griseus and M. auratus (Table 4). The effect was stronger and appeared earlier
in M. auratus (2 h of incubation, Figure 2D) than in C. griseus (4 h of incubation, Figure 2A).
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In C. griseus, sperm viability was significantly higher in the PHE treatment than in the
control after 2 h of incubation (Table 4, Figure S1A). Conversely, M. auratus sperm showed
differences favoring the control over the PHE treatment at 3 and 4 h (Table 4, Figure S1B).
In the case of Phodopus species, the addition of PHE to the incubation medium showed no
significant effects on sperm motility, viability, and acrosome integrity (Table 4, Figure 2 and
Figure S1). Sperm ATP content was not affected by the addition of PHE to the incubation
medium (Table 4, Figure 2) with the exception of C. griseus in which PHE promoted a less
pronounced decline in ATP content (Table 4, Figure 2C).

Table 4. Effect of penicillamine, hypotaurine, and epinephrine (PHE) on sperm motility, acrosome
integrity, viability, and ATP content, in five hamster species. F and p values correspond to repeated
measures ANOVA using time of incubation and treatment (control vs. PHE) as independent variables
and sperm parameters as dependent variables. Significant differences between treatments and times
of incubation (p < 0.05) are shown in boldface.

Species Variable
Time Treatment Interaction

F p F p F p

Cricetulus griseus

Motility (%) 34.27 <0.001 9.14 0.005 1.34 0.280
Acrosome Integrity (%) 44.62 <0.001 0.33 0.570 1.54 0.225

Viability (%) 0.61 0.617 34.45 <0.001 2.53 0.078
ATP content (amol cell−1) 35.39 <0.001 15.47 0.001 4.01 0.007

Mesocricetus auratus

Motility (%) 254.11 <0.001 110.40 <0.001 6.98 0.001
Acrosome Integrity (%) 86.67 <0.001 6.66 0.014 0.24 0.870

Viability (%) 2.10 0.118 6.04 0.019 2.00 0.132
ATP content (amol cell−1) 120.43 <0.001 0.83 0.368 1.94 0.141

Phodopus campbelli

Motility (%) 16.81 <0.001 2.44 0.129 1.06 0.381
Acrosome Integrity (%) 29.84 <0.001 5.17 0.085 0.22 0.880

Viability (%) 1.69 0.192 1.13 0.298 1.97 0.142
ATP content (amol cell−1) 43.92 <0.001 1.89 0.180 0.09 0.966

Phodopus sungorus

Motility (%) 13.17 <0.001 0.08 0.775 1.49 0.231
Acrosome Integrity (%) 24.93 <0.001 1.54 0.261 0.92 0.442

Viability (%) 0.42 0.743 0.98 0.327 0.55 0.648
ATP content (amol cell−1) 37.52 <0.001 1.34 0.253 0.46 0.709

Phodopus roborovskii

Motility (%) 38.87 <0.001 1.06 0.312 0.44 0.727
Acrosome Integrity (%) 18.66 <0.001 0.03 0.868 0.08 0.972

Viability (%) 0.44 0.726 0.07 0.790 0.21 0.888
ATP content (amol cell−1) 14.43 <0.001 1.46 0.237 0.12 0.950

3.3. Sperm Velocity and Trajectory

Regarding sperm velocity and trajectory parameters, all species presented similar
values regardless of treatment at the beginning of the incubation period (0 h) (Table 5). As
a general trend, velocity and trajectory parameters, as well as their estimated principal
components (VPC1, TPC1, and TPC2) exhibited a time-related decline in both control
and PHE treatment (Table 6, Figure 3). However, several variables did not show this
time-related effect in some species. The sperm of M. auratus that were incubated in the
presence of PHE maintained their linearity, straightness, and amplitude of lateral head
displacement throughout the incubation period (Table 6, Figure 3B,C). In P. sungorus,
straightness, amplitude of lateral head displacement, beat-cross frequency, and TPC1 were
similar during the 4 h incubation regardless of treatment (Table 6, Figure 3H). This pattern
was also observed in the values of linearity, and TPC2 but only for the control treatment
(Table 6, Figure 3I). In P. roborovskii, sperm straight-line velocity, average path velocity,
and VPC1 did not decrease over time (Table 6, Figure 3J). Notably, in this species, sperm
linearity, straightness, wobble coefficient, and TPC1 registered a gradual increase during
incubation time (Table 6, Figure 3K).
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Figure 2. Changes in motility, acrosome integrity, and ATP content in spermatozoa from five ham-
ster species during incubation without or with penicillamine, hypotaurine and epinephrine (PHE).
Spermatozoa were collected in medium with (black squares) or without PHE (white squares) and
incubated at 37 ◦C under air for up to 4 h. (A,D,G,J,M) Percentage of motile sperm. (B,E,H,K,N)
Percentage of spermatozoa with an intact acrosome. (C,F,I,L,O) Sperm ATP content (amol × cell−1).
Values are means ± standard errors. Different letters between times of incubation for the same
treatment indicate statistically significant differences (p < 0.05) in a DGC post-hoc test. Asterisks
indicate statistical differences (p < 0.05) between treatments for the same time in a DGC post-hoc test.
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Table 5. Sperm velocity and trajectory shape parameters in four hamster species. Values correspond
to means and standard errors for spermatozoa in the absence (control) or with penicillamine, hy-
potaurine and epinephrine (PHE) at the start of the incubation period (time zero). VCL: curvilinear
velocity. VSL: straight-line velocity. VAP: average path velocity. LIN: linearity. STR: straightness.
WOB: wobble coefficient. ALH: amplitude of lateral head movement. BCF: beat-cross frequency.

Species Variable
Control PHE

Mean SE Mean SE

Mesocricetus auratus

VCL (µm s−1) 114.71 2.40 123.45 3.99
VSL (µm s−1) 54.66 2.33 56.76 2.27
VAP (µm s−1) 76.64 2.02 82.22 2.26

LIN (VSL/VCL) 0.47 0.02 0.46 0.02
STR (VSL/VAP) 0.67 0.02 0.66 0.01

WOB (VAP/VCL) 0.67 0.01 0.68 0.01
ALH (µm) 5.17 0.11 5.67 0.22
BCF (Hz) 6.32 0.18 6.27 0.18

Phodopus campbelli

VCL (µm s−1) 162.79 2.25 162.80 2.01
VSL (µm s−1) 75.25 1.27 71.62 1.93
VAP (µm s−1) 102.05 1.48 98.86 1.33

LIN (VSL/VCL) 0.45 0.01 0.43 0.01
STR (VSL/VAP) 0.70 0.01 0.69 0.01

WOB (VAP/VCL) 0.62 0.01 0.61 0.01
ALH (µm) 6.48 0.12 6.40 0.12
BCF (Hz) 9.83 0.15 9.70 0.12

Phodopus sungorus

VCL (µm s−1) 152.02 2.24 157.70 2.29
VSL (µm s−1) 68.81 2.36 69.10 2.19
VAP (µm s−1) 92.19 1.91 92.81 2.13

LIN (VSL/VCL) 0.44 0.01 0.42 0.01
STR (VSL/VAP) 0.69 0.01 0.69 0.01

WOB (VAP/VCL) 0.60 0.01 0.58 0.01
ALH (µm) 6.34 0.11 6.56 0.11
BCF (Hz) 8.70 0.34 9.21 0.28

Phodopus roborovskii

VCL (µm s−1) 152.85 2.91 146.54 1.01
VSL (µm s−1) 62.13 1.85 56.36 2.42
VAP (µm s−1) 87.26 1.68 80.80 1.50

LIN (VSL/VCL) 0.40 0.01 0.38 0.02
STR (VSL/VAP) 0.68 0.01 0.67 0.02

WOB (VAP/VCL) 0.57 0.01 0.55 0.01
ALH (µm) 6.96 0.12 7.14 0.11
BCF (Hz) 8.40 0.35 7.53 0.48

The sperm of M. auratus exhibited a strong significant response to the exposure to
PHE during the incubation, in regard to their velocity and trajectory parameters. All
velocity and trajectory variables, including their estimated principal components, showed
significant higher values in the PHE treatment (Table 6, Figure 3A–C). The addition of
PHE to the medium appears to prevent the time-related decline of sperm kinetics in this
species. Conversely, the addition of PHE did not appear to have any positive effect on
the kinetics of the sperm of any of the three species of the genus Phodopus. As a general
trend, there were no significant differences in the values of most of the sperm velocity
and trajectory variables in Phodopus species (Table 6, Figure 3D,F–I,K,L). In the few cases
in which significant differences were observed (P. campbelli: VSL, LIN, WOB, ALH, and
TPC1; P. sungorus: LIN, WOB; P. roborovskii: VCL, VSL, VAP, WOB, VPC1), these differences
were of relatively low magnitude, were not maintained over time, and values were always
higher in the control treatment (Table 6, Figure 3E,J).
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Table 6. Effect of penicillamine, hypotaurine and epinephrine (PHE) on sperm velocity and trajectory
shape parameters in four hamster species. F and p values correspond to repeated measures ANOVA
using time of incubation and treatment (control vs. PHE) as independent variables, and sperm
parameters as dependent variables. VCL: curvilinear velocity. VSL: straight-line velocity. VAP:
average path velocity. LIN: linearity. STR: straightness. WOB: wobble coefficient. ALH: amplitude of
lateral head movement. BCF: beat-cross frequency. VPC1: velocity principal component 1. TPC1:
trajectory shape principal component 1. TPC2: trajectory shape principal component 2. Significant
differences between treatments and times of incubation (p < 0.05) are shown in boldface.

Species Variable
Time Treatment Interaction

F p F p F p

Mesocricetus auratus

VCL (µm s−1) 28.78 <0.001 67.30 <0.001 3.54 0.024
VSL (µm s−1) 14.62 <0.001 46.25 <0.001 4.43 0.011
VAP (µm s−1) 29.51 <0.001 50.80 <0.001 3.26 0.031

LIN 2.75 0.056 17.82 <0.001 2.83 0.074
STR 1.04 0.384 19.68 <0.001 3.80 0.017

WOB 15.50 <0.001 10.48 0.002 1.28 0.295
ALH (µm) 0.68 0.573 26.39 <0.001 1.10 0.361
BCF (Hz) 101.82 <0.001 93.48 <0.001 15.10 <0.001

VPC1 25.98 <0.001 59.27 <0.001 4.09 0.014
TPC1 5.12 0.004 9.61 0.004 2.45 0.077
TPC2 7.08 0.001 73.25 <0.001 5.73 0.003

Phodopus campbelli

VCL (µm s−1) 12.90 <0.001 0.22 0.644 0.52 0.669
VSL (µm s−1) 99.74 <0.001 4.53 0.042 0.09 0.964
VAP (µm s−1) 83.46 <0.001 1.57 0.221 0.24 0.867

LIN 61.32 <0.001 4.98 0.034 0.52 0.673
STR 17.99 <0.001 1.51 0.230 0.29 0.832

WOB 196.44 <0.001 14.20 0.001 1.11 0.363
ALH (µm) 60.78 <0.001 7.96 0.009 2.29 0.100
BCF (Hz) 43.82 <0.001 2.29 0.141 0.70 0.559

VPC1 98.05 <0.001 2.15 0.154 0.15 0.931
TPC1 70.65 <0.001 6.23 0.019 0.62 0.608
TPC2 7.02 0.001 0.10 0.751 0.25 0.862

Phodopus sungorus

VCL (µm s−1) 8.19 <0.001 3.47 0.069 0.92 0.441
VSL (µm s−1) 7.41 <0.001 2.46 0.124 0.63 0.603
VAP (µm s−1) 9.70 <0.001 0.76 0.387 0.63 0.600

LIN 2.75 0.055 6.27 0.016 0.32 0.814
STR 1.88 0.148 2.75 0.105 0.59 0.626

WOB 2.95 0.043 6.38 0.015 0.27 0.846
ALH (µm) 1.02 0.394 5.36 0.060 0.09 0.966
BCF (Hz) 1.85 0.153 0.02 0.899 1.11 0.355

VPC1 9.79 <0.001 0.49 0.488 0.81 0.497
TPC1 2.24 0.098 3.55 0.108 0.26 0.854
TPC2 5.19 0.004 3.15 0.083 1.34 0.274

Phodopus roborovskii

VCL (µm s−1) 17.20 <0.001 4.75 0.038 0.22 0.879
VSL (µm s−1) 2.61 0.071 8 0.009 0.60 0.620
VAP (µm s−1) 0.89 0.460 9.34 0.005 0.42 0.739

LIN 21.86 <0.001 2.99 0.095 0.29 0.833
STR 9.20 <0.001 0.15 0.702 0.28 0.839

WOB 20.12 <0.001 4.99 0.035 0.22 0.884
ALH (µm) 30.78 <0.001 0.48 0.493 0.17 0.914
BCF (Hz) 4.76 0.008 2.81 0.105 1.82 0.166

VPC1 0.86 0.426 8.65 0.006 0.49 0.694
TPC1 22.57 <0.001 2.33 0.138 0.27 0.843
TPC2 11.21 <0.001 0.56 0.461 0.65 0.588
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Figure 3. Changes in velocity or trajectory of spermatozoa from five hamster species during incuba-
tion in the absence (control) or the presence of penicillamine, hypotaurine and epinephrine (PHE).
Spermatozoa were collected in medium with (dark squares) or without PHE (white squares) and
incubated at 37 ◦C under air for up to 4 h. Principal component analysis returned one main velocity
component (velocity PC1) and two trajectory components (trajectory shape PC1, trajectory shape
PC2). (A,D,G,J) Velocity PC1. (B,E,H,K) Trajectory shape PC1. (C,F,I,L) Trajectory shape PC2. Values
are means ± standard errors. Different letters between times of incubation for the same treatment
indicate statistically significant differences (p < 0.05) in a DGC post-hoc test. Asterisks indicate
statistical differences (p < 0.05) between treatments for the same time in a DGC post-hoc test.

4. Discussion

The results of this study show that the addition of D-penicillamine, hypotaurine
and epinephrine (PHE) to the incubation medium seems to be necessary to sustain the
performance (motility, sperm swimming velocity and trajectory) and, to a lesser extent,
acrosome integrity and viability, of M. auratus sperm throughout incubation. Moreover,
PHE appears to have a positive effect on the maintenance of sperm quality (motility,
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viability, and ATP content) in C. griseus. In contrast, the presence of PHE had no consistent
effect on spermatozoa of the Phodopus species.

Golden hamster sperm is known to be very susceptible to in vitro dilution for more
than 15–30 min [81,82] unless the medium is supplemented with motility factors. The
addition of epinephrine, taurine, hypotaurine, penicillamine, or their combination, to
hamster sperm has been studied mainly in M. auratus [39,40,56,81–85]. In the present
work, a combination of D-penicillamine (20 µM), hypotaurine (100 µM) and epinephrine
(1 µM) was selected to analyze their effects on sperm performance. Our results showed an
improvement in motility, integrity of the acrosome and velocity and trajectory parameters
from 2 h onwards after addition of PHE in M. auratus. Several studies showed that
epinephrine and hypotaurine have a synergistic effect in maintaining sperm motility and
promoting the acrosome reaction [40,43]. These two molecules caused a slight enhancement
in motility, acrosome reaction and fertility when added separately, and these effects were
increased when used together [83]. Moreover, the effect of hypotaurine occurs within the
first 2 h [83], in agreement with the present study, where sperm motility, velocity and
trajectory showed better results 2 h after the addition of PHE in M. auratus.

Epinephrine is a catecholamine that stimulates Na+/K+ ATPase and Ca2+-ATPase,
and inhibits certain phosphodiesterases [40,86,87]. The inhibition of Na+/K+ ATPase
decreased the acrosome reaction, whereas the inhibition of phosphodiesterase increased
it [85]. Hypotaurine is a β-amino acid present in ejaculated sperm and oviductal fluid of
mammals [43]. It is an intracellular scavenger that protects from lipid peroxidation and
inactivation of superoxide dismutase by superoxidation, preventing sperm motility loss [84].
D-penicillamine acts as a divalent cation chelator, increasing the effects of epinephrine by
protecting it from oxidation [40]. It was found that this α-amino acid could maintain sperm
motility in hamsters at lower concentrations (10 µM) and stimulate sperm capacitation at
higher concentrations (50 µM) [51]. In the present study, the concentration of penicillamine
was 20 µM, which seems to be adequate in M. auratus to maintain or improve sperm traits
for 4 h, in combination with epinephrine and hypotaurine. Taken together, results lead to
the conclusion that the addition of PHE to M. auratus spermatozoa improves sperm quality
over time, probably through the interaction with ATPases and phosphodiesterases and by
protecting sperm from oxidation.

Changes in sperm traits in C. griseus after the addition of PHE are different from those
observed in M. auratus. In C. griseus sperm motility and ATP content are enhanced at
a later time, i.e., after 4 h of incubation with PHE. Moreover, sperm viability improves
from 2 h onwards. In an earlier study [58], it was found that only 20–30% of cauda
epididymal C. griseus sperm exhibit motility, which is significantly lower than the results
in our study. This discrepancy may be due to differences in media used to collect and
incubate spermatozoa because in the earlier study [58] the medium contained epinephrine
and taurine (instead of hypotaurine, as in our study), and lacked penicillamine. The
improvement in sperm survival and performance observed in our work may be useful to
improve the reduced in vitro fertilization success observed in this species [58,88]. Indeed,
better fertilization rates were obtained when sperm were pre-exposed to PHE and to the
Ca2+ ionophore A23187, while doubling the usual Ca2+ concentrations [60].

Different patterns of sperm motility have been found when comparing M. auratus with
C. griseus [58]. Whereas M. auratus sperm flex the entire length of the tail when moving,
C. griseus sperm move by vibrating the tails firmly. This difference in swimming patterns
may explain the diverse results in both species. Despite these differences, the addition
of PHE seems to promote an improvement of sperm performance in both species. There
does not seem to be a relation between the presence or absence of PHE, ATP levels, and
motility when comparing these two species. In M. auratus PHE sustains motility better
and for longer times than in controls, but there does not seem to be an effect on ATP levels.
In C. griseus, there seems to be a parallel improvement of PHE on both motility and ATP
levels, but only at the end of incubation.
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The results in Phodopus species are somewhat surprising because we did not find
differences over time in variables assessed in sperm incubated in the absence or presence
of PHE. To the best of our knowledge, this is the first report examining the effects of PHE
in these three species of hamsters. Since previous studies found that epinephrine acts
through α and β-adrenergic receptors [41] and hypotaurine activates ATPases and inhibits
phosphodiesterases, differences between sperm from Phodopus, C. griseus and M. auratus
may be explained by differences in receptors or signaling mechanisms. Thus, one possibility
could be that targets of PHE action vary in concentration between species, and thus effects
are not visible. Another possibility is that responses to each factor vary, since different
concentrations of penicillamine, hypotaurine and epinephrine are known to have different
effects in somatic and sperm cells [51,86,87]. More studies are necessary to elucidate if
changes in concentrations of PHE may affect sperm traits in Phodopus species. In any case,
sperm quality in these hamsters is extremely high when compared to other hamster species
after 4 h of incubation without PHE, indicating that the addition of these molecules or other
motility factors may not be required to sustain sperm performance.

5. Conclusions

The results of this study revealed that supplementation with a combination of
D-penicillamine, hypotaurine and epinephrine maintains or improves the performance of
spermatozoa from five hamster species in different manners, depending on the species.
Further studies are needed to understand the different mechanisms underlying the stimu-
latory effects in some species and lack of stimulation in others, which suggest divergence
in regulatory mechanisms of motility and survival.
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under air for up to 4 h. Values are means ± standard errors. Different letters between times of
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DGC post-hoc test.
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Simple Summary: The objective of the present study was to investigate whether differences in bull
fertility are associated with variations of sperm quality. Differences between high- and low-fertility
bulls were found mainly in parameters related to sperm acrosome integrity when using a new
fluorescence method that allows clear and precise detection of the sperm plasma membrane and
acrosome: the ISAS3Fun method. It was concluded that the simultaneous assessment of sperm
viability and acrosome integrity with the ISAS3Fun method is precise and seems to have a greater
potential to discriminate between high- and low-fertility bulls than the more conventional in vitro
sperm quality test. These results may help to predict the breeding soundness of bulls used in artificial
insemination, which is important for the dairy industry.

Abstract: The objective of the present study was to investigate whether fertility differences in bulls are
reflected in variations of sperm quality when analysing only one ejaculate per male. Two experiments
were performed. In the first experiment, frozen semen samples from 20 adult bulls were tested;
10 bulls had high field fertility and 10 bulls had low field fertility. Analyses of sperm motility,
membrane integrity, and membrane–acrosome integrity with the ISAS3Fun method were performed.
Sperm morphometry of the fluorescence sperm subpopulations obtained with the ISAS3Fun method
was also analysed. Significant differences between high- and low-fertility groups were only found
with the ISAS3Fun technique, specifically in sperm acrosome integrity, the proportion of spermatozoa
with an intact acrosome and damaged membrane, and in sperm head width of spermatozoa with
intact structures. Discriminant analyses allowed us to correctly classify 90% of sperm samples in
their fertility group using sperm quality parameters. Given that only the results obtained with
the ISAS3Fun technique were related to bull fertility, we performed a second experiment aimed
to validate the efficacy of this technique to detect the acrosomal integrity of bull spermatozoa,
comparing them with the conventional FITC-PNA/propidium iodide (PNA/PI) combination under
capacitating conditions. The results indicated that the ISAS3Fun combination provided an accurate
assessment of both viability and acrosomal integrity for ejaculated spermatozoa, while the PNA/PI
combination underestimated the extension of acrosomal damage due to false negatives. It was
concluded that the simultaneous assessment of sperm plasma membranes and acrosome integrity
with the ISAS3Fun method is precise and seems to have a greater potential to discriminate between
high- and low-fertility bulls than more conventional in vitro sperm quality tests.

Keywords: Bos taurus; spermiogram; male fertility; capacitation; acrosome reaction
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1. Introduction

The prediction of breeding soundness of bulls and of the fertilising ability of semen
used in artificial insemination (AI) is important for the dairy industry [1]. However, achiev-
ing satisfactory predictions based on the in vitro evaluation of sperm quality remains a
challenge and still heavily relies on the simple assessment of sperm motility and morphol-
ogy [2]. Beyond these important parameters, a motile sperm may not be able to fertilise
an oocyte if it does not have an intact acrosome or may give rise to a viable embryo if its
DNA is damaged. After spermatogenesis, bull sperm appears to be quite resistant to DNA
fragmentation [3], but the acrosome is a delicate membranous structure that can be severely
damaged during freezing and thawing procedures, which determines the success or failure
of AI [4].

The development of acrosome-specific fluorescent probes, among which lectins are
the most widely used, has facilitated the determination of acrosomal damage, even using
flow cytometry. Pisum sativum (edible pea) agglutinin (PSA) and Arachis hypogaea (peanut)
agglutinin (PNA) are the most commonly used lectins for this purpose [5]. They bind to gly-
cosidic residues in different parts of the acrosomal membrane and, being conjugated with
a fluorochrome such as fluorescein isothiocyanate (FITC), sperm with damaged acrosomes
may be easily visualised. Nevertheless, extensive acrosomal damage can produce false
negatives due to missing binding sites. [5]. The use of acidotropic probes, with an affinity
for organelles such as the acrosome, has been shown to be ineffective due to non-specific
(LysoSensorTM Green DND-189) or heterogeneous (LysoTracker® DND-99 and dapoxyl
2-aminoethyl sulphonamide) labelling [5]. Although the pH of the acrosome is acidic, it
gradually increases during the course of sperm capacitation [6].

In previous studies [7,8], we described a fluorochrome combination (ISAS3Fun) that
allowed us to discriminate sperm viability, acrosomal integrity, and sperm functionality in
bulls. This study was designed to investigate whether differences in the field fertility of
bulls were reflected in variations of sperm quality parameters, including those obtained
with the ISAS3Fun test, when analysing only one ejaculate per male. Given that only the
results obtained with the ISAS3Fun test were related to bull fertility, we conducted a study
in which the efficacy of this technique was compared with the conventional FITC-PNA/PI
(PNA/PI) combination to detect the acrosomal integrity of bull spermatozoa before and
after incubation under capacitating conditions and the induction of an acrosome reaction.

2. Materials and Methods

Unless otherwise indicated, all chemicals were obtained from Sigma (Merck Life
Science S.L.U., Madrid, Spain).

2.1. Semen Collection and Processing

This study analysed cryopreserved semen samples collected from commercial Holstein–
Friesian bulls. Ejaculates with a total sperm motility or with morphologically normal sper-
matozoa lower than 70% were discarded. The ejaculates were extended in BullXcell (IMV
Technologies, Humeco, Huesca, Spain) to a final concentration of 1.3 × 107 sperm per 0.25
mL semen straw (IMV Technologies). All straws were cryopreserved following standard
procedures [9]. Before use, straws were thawed for 1 min at 37 ◦C in a water bath and
processed.

2.2. Experimental Design

To achieve the proposed objectives, two experiments were performed.
Experiment 1: Relationship between in vitro sperm quality test and field fertility of bulls.
Frozen semen samples from 20 bulls, 10 of high field fertility and 10 with low field

fertility, were selected for this experiment with an age range between 2 and 6 years. Field
fertility was determined by a retrospective study using data from the first and second AI
postpartum results of at least 100 Holstein–Friesian cows in their second lactation over a
period of 5 y (2009 to 2014) in different herds. Then, 353 bulls were evaluated and, between
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them, the 10 bulls with the highest (>53%) and 10 bulls with the lowest (<39%) fertility were
included in the study. Cow fertility (pregnancy rate) was determined through pregnancy
diagnosis using ultrasonography or rectal palpation of the genital tract at 35–45 days post-
AI. Two frozen samples from the same ejaculate of each bull were collected between those
used for the field fertility analysis. Semen samples were thawed, pooled, and processed for
sperm quality assessment as detailed below.

2.2.1. Sperm Motility (CASA-Mot)

Within a few minutes after thawing, a diluted semen sample was placed in a pre-
warmed Makler chamber (Sefi-Medical Instruments Ltd., Haifa, Israel), and a computer-
assisted sperm analyser (CASA-Mot; ISAS®, version 1.32; PROISER, Paterna, Spain)
was used to assess sperm motility [10]. Spermatozoa were classified as progressive if
VCL > 20 µm/s and STR > 80%.

2.2.2. Sperm Plasma Membrane Integrity

Sperm plasma membrane integrity (viability) was determined using an acridine
orange and propidium iodide combination [11]. The number of total spermatozoa and
the percentages of membrane-intact spermatozoa were determined using the OpenCASA
software [12]. At least 300 sperm cells were analysed per sample.

2.2.3. Sperm Plasma/Acrosome Membrane Integrity

Combined sperm plasma/acrosome membrane integrity was determined using the
ISAS3Fun technique (PROISER), as described in a previous work [8]. The labelling mix
included propidium iodide (PI), Hoechst 33342, and carboxyfluorescein diacetate (CFDA).
Two hundred spermatozoa were examined on each slide, and the staining patterns were
classified into four categories (Figure 1), aided with v2 of the OpenCASA software [12]:
(a) those with intact acrosomes and plasma membranes (IAIM); (b) those with intact
acrosomes and damaged plasma membranes (IADM); (c) those with damaged acrosomes
and intact plasma membranes (DAIM); and (d) those with damaged acrosomes and plasma
membranes (DADM) [7].
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Figure 1. Fluorescence image of bull spermatozoa stained with ISAS3Fun kit (1) and fluorescence-phase contrast image of
bull spermatozoa stained with PI/PNA. (2): a, Intact plasma membrane and acrosome; b, intact plasma membrane and
damaged acrosome; c, damaged plasma membrane and intact acrosome; d, damaged plasma membrane and acrosome.
Scale bar = 10 µm.

2.2.4. Sperm Morphometry (CASA-Morph)

Sperm head morphometry of the fluorescent sperm subpopulations was determined as
described in [7]. Briefly, spermatozoa were stained with the fluorochromes of the ISAS3Fun kit,
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and the morphometry of the sperm head, nucleus, and acrosome of the different fluorescent
subpopulations was determined using a specific plug-in module created on ImageJ.

Experiment 2: Validation of the use of the ISAS3Fun method for the assessment of
sperm acrosome integrity in bulls.

Frozen semen samples from 18 bulls were thawed in a water bath, centrifuged (600× g,
10 min), and resuspended in S-TALP (sperm Tyrode’s albumin, lactate, and pyruvate)
medium [13] with 10 IU/mL sodium heparin salt to induce sperm capacitation. The
spermatozoa were allowed to capacitate for 4 h at 39 ◦C under 5% CO2. Ionomycin (7 µM
final concentration) was added to the sperm suspension to induce the acrosome reaction,
and the incubation period was extended for 1 h in the same conditions.

Aliquots were evaluated at 0 h, 4 h (after induced capacitation), and 5 h (an hour after
the induced acrosome reaction) for sperm motility with the CASA system and for sperm
plasma/acrosome membrane integrity as detailed below.

For each incubation time, a sample aliquot was mixed in a vial with PNA (10 µg/mL) for
10 min and PI (15 µM) for 5 min at 37 ◦C. Then, 3 µL of the labelled sample was placed on a
prewarmed slide, covered, and pressed with the Trumorph® system [14]. Stained spermatozoa
were examined under a fluorescence/phase contrast microscope (DM4500B, Leica, Wetzlar,
Germany) equipped with a warmed stage and a 20× plan apochromatic objective, and a
standard green/red filter set (G/R, excitation: 490–520, 575–630 nm) was used to obtain
digital images of the fluorescence-labelled sperm. The staining patterns of the spermatozoa
were first examined using fluorescence microscopy, and then the localisation was confirmed
using phase contrast optics. Two hundred spermatozoa were examined on each slide, and
the staining patterns were classified into four categories (Figure 1): (a) those unstained (intact
acrosome and plasma membrane, IAIM); (b) those with stained nuclei (intact acrosome and
damaged plasma membrane, IADM); (c) those with a stained acrosome (damaged acrosome
and intact plasma membrane, DAIM); and (d) those with a stained acrosome and nuclei
(damaged acrosome and plasma membrane, DADM).

Another sample aliquot was labelled with the ISAS3Fun kit (PROISER), as detailed above.

2.3. Statistical Analysis

Statistical analyses were performed using the SPSS package, version 23.0 (SPSS Inc.,
Chicago, IL, USA). Statistical significance was set at p < 0.05. Distribution normality and
the homogeneity of variance of the median score for each dataset were checked using the
Kolmogorov–Smirnov and Levene tests, respectively. As data were normally distributed,
parametric analysis was performed throughout. In the first experiment, differences in the
sperm quality results between high- and low-fertility bulls were evaluated by Wilk’s lambda
ANOVA. A discriminant analysis was also performed with the linear stepwise procedure
to identify the most useful parameters for the classification of high- and low-fertility bulls.
Wilk’s lambda ANOVA was used to compare the fraction of the total dispersion of data not
accounted for.

In the second experiment, the effects of time (0 h, 4 h, and 5 h) using the ISAS3Fun
method vs. the PNA/PI combination on the sperm membrane and acrosome integrity (IM
and IA, respectively), as well as on the distribution of sperm subpopulations (IAIM, DAIM,
IADM, and DADM), were analysed by General Linear Models (GLM) repeated measures
analysis of variance.

3. Results
3.1. Experiment 1

Significant differences between high- and low-fertility bulls were observed in acro-
some integrity, the proportion of IADM sperm and the head width of the IAIM sperm
subpopulation (Table 1). Highly fertile bulls had a higher acrosome integrity, percentage
of IADM spermatozoa, and head width of the IAIM subpopulation (p < 0.05) than those
of low-fertility bulls. No statistical differences were found for the other sperm quality
parameters analysed.
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Table 1. Differences in sperm quality parameters between high- and low-fertility bulls. Data are
represented as mean ± S.E.M.

Sperm Parameter High Fertility Low Fertility

Acrosome integrity (%) 46.20 ± 2.87 35.14 ± 4.43
IADM (%) 24.84 ± 3.14 14.20 ± 2.25

Head width of IAIM (µm) 5.38 ± 0.05 5.25 ± 0.03
IADM: spermatozoa with an intact acrosome and a damaged plasma membrane; IAIM: spermatozoa with an intact
acrosome and plasma membrane. The sperm subpopulations were obtained using the ISAS3Fun fluorescence
method. The three sperm quality parameters were significantly different between high- and low-fertility groups
at p < 0.05.

A discriminant analysis was performed to determine if it was possible to distinguish
to which group of bull fertility each individual semen sample belonged. The results
indicated that the percentage of the IADM sperm subpopulation, the head width, and the
acrosome perimeter of the IAIM sperm subpopulation were the variables selected as the
best discriminators of high and low field fertility. The matrix of classification obtained gave
the Fisher’s discriminant linear functions for each class (Table 2, p < 0.001), with a globally
correct assignment of 90% of the samples (Table 3).

Table 2. Discriminant classification matrix showing Fisher’s linear discriminant functions.

Coefficient of Function of Classification

High Fertility Low Fertility

IADM −4.907 −5.268
Head width of IAIM (µm) 111.692 96.572

Acrosome perimeter of IAIM (µm) 187.255 195.212
Constant −1974.853 −2035.336

Values obtained by linear stepwise discriminant analysis. IADM: spermatozoa with an intact acrosome and a
damaged plasma membrane; IAIM: spermatozoa with an intact acrosome and plasma membrane. The sperm
subpopulations were obtained using the ISAS3Fun fluorescence method.

Table 3. Percentage of sperm samples assigned to each fertility group by discriminant analysis.

Number Allocated to Group by Discriminant Analysis

High Fertility Low Fertility

High fertility 9 1
Low fertility 1 9

90.0% of the samples were classified correctly.

3.2. Experiment 2

There was a reduction in sperm motility between 0 h (35.88% ± 3.50) and 4 h (27.86%
± 3.25) of incubation, and most spermatozoa were immotile at 5 h. The main model of
the GLM repeated measures analysis of factors affecting sperm membrane and acrosome
integrity is depicted in Table 4. There was a significant effect of time, time x fluorescent
method and the fluorescent method used. These effects are shown in Figure 2. The
treatment induced a slight decrease in plasma membrane integrity between 0 h and 4 h of
incubation under capacitating conditions, but sperm viability was preserved afterwards, as
determined using both fluorescence combinations (Figure 2a). The fluorescent methods
clearly differed in the results of acrosome integrity; the percentage of spermatozoa with
intact acrosomes was higher using the PNA/PI combination than with the ISAS3Fun
method for all incubation periods (Figure 2b). Using phase contrast microscopy, it was
observed that spermatozoa without a clearly distinguishable acrosome were not stained
with the PNA, generating false negatives that led to an underestimation of the extent of
acrosomal damage. Furthermore, using this technique, the reduction in acrosome integrity
was only evident at 5 h, while a clear reduction was observed at 4 h with the ISAS3Fun
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method, followed by a more pronounced acrosomal loss at 5 h after ionomycin treatment
(Figure 2b).

Table 4. Main model of the GLM repeated measurement analysis for factors affecting evolution of
sperm quality variables over time using frozen/thawed bull semen (n = 14).

Subject Effects Factor IM IA IAIM DAIM IADM DADM

Within Time 0.0240 <0.0001 <0.0001 <0.0001 0.3340 0.0100
Time × method <0.0001 <0.0001 0.3780 <0.0001 <0.0001 0.2050

Between Method <0.0001 <0.0001 0.486 <0.0001 <0.0001 <0.0001
IM: spermatozoa with an intact plasma membrane; IA: spermatozoa with an intact acrosome; IAIM: spermatozoa
with an intact acrosome and plasma membrane; DAIM: spermatozoa with a damaged acrosome and an intact
plasma membrane; IADM: spermatozoa with an intact acrosome and a damaged plasma membrane; DADM:
spermatozoa with a damaged acrosome and plasma membrane.
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Figure 2. Time evolution of sperm membrane and acrosome integrity using the PNA/PI and
the ISAS3Fun fluorescence methods after capacitation (4 h) and ionomycin (5 h) treatment of
frozen/thawed bull semen samples (a–f).
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In the fluorescence sperm subpopulations, spermatozoa with damaged acrosomes
and intact plasma membranes (DAIM) were barely observed at 0 h, then increased slightly
at 4 h, and finally increased noticeably at 5 h (Figure 2d). This increase was significantly
greater using the ISAS3Fun method than with the PNA/PI combination. In contrast,
the proportion of spermatozoa with intact acrosomes and damaged plasma membranes
(IADM) was much higher for PNA/PI than for the ISAS3Fun method for all incubating
periods and only decreased with the latter method over time (Figure 2e).

4. Discussion

Male fertility assessment based on test inseminations is expensive and time consum-
ing [10], and it would be useful to have simple in vitro test for predicting potential bull
fertility. In this very restrictive study, in which only one random ejaculate from each bull
was used, only the results of the ISAS3Fun technique were significantly related to bull
fertility. Spermatozoa from bulls with superior field fertility displayed increased acrosomal
integrity and head width. In all likelihood, the repeated analysis of more ejaculates would
increase the chance of finding associations between in vitro sperm quality and bull fertility.
However, although such relationships were certainly less likely to be observed when using
a single ejaculate, the fact that they were found could indicate a consistent relationship
with fertility that should be confirmed by further studies. In agreement with our study,
Bernecic et al. [15] have described that acrosome integrity, together with viability, were the
only sperm attributes that were significantly different between high- and low-fertility bulls.
Unlike our work, the evaluation of the acrosome integrity in this study was carried out
using PNA, which showed a lower sensitivity than that of the ISAS3Fun technique.

In porcine, it was observed that the number of spermatozoa with reacted acrosomes
after capacitation was correlated with prolificacy, and the difference in the rate of reacted
acrosome sperm before and after capacitation was correlated with fertility [16]. Therefore,
an accurate assessment of the acrosome structure is essential in order to acquire new
knowledge of acrosomal exocytosis and to predict the fertilising ability of sperm.

In a previous study in rams, we found clear differences in motility and plasma mem-
brane integrity between high- and low-fertility males, which were not observed in this
study of bulls. Unlike in rams, AI in cows is highly efficient, with the semen deposited
deeply into the uterus. Consequently, spermatozoa might not have difficulties reaching
the site of fertilisation; therefore, high motility and viability might not be as restrictive as
in the ewe. Another possible explanation for the differences between these two studies
is that the experimental design was different. In the study of rams, fresh semen samples
of only eight rams with extreme fertility (four high and four low) were checked weekly
during six consecutive weeks. The analysis of frozen/thawed doses of a single ejaculate
per bull and the selection of more males per fertility group in the current study would
probably reduce the chances of finding differences in more sperm quality parameters. In
fact, Bernecic et al. [15] observed that both viability and acrosome integrity could serve
as bull fertility biomarkers in the field, while Kjaestad et al. [17] described an association
between sperm motility and velocity with bull fertility.

For the establishment of a viable pregnancy, spermatozoa must reach the site of
fertilisation, then penetrate and fertilise the oocyte, and, finally, produce a viable embryo.
Acrosomal exocytosis is a crucial and irreversible process key in ovum fertilisation that
occurs when the acrosomal outer membrane fuses with the plasma membrane at multiple
points, releasing proteolytic enzymes [18,19]. Until a few years ago, it was thought that a
sperm that had suffered from acrosomal exocytosis could not penetrate the zona pellucida.
However, recent studies have orchestrated new scenarios, since it has been observed that
spermatozoa that had previously undergone the acrosome reaction were able to penetrate
the zona pellucida [18].

Given the difficulty in clearly discerning the sperm acrosome in most animal species,
its evaluation is usually limited to research or to occasional studies of sperm quality. In a
recent work, we described a simple method that allows the simultaneous visualisation of
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sperm plasma and acrosomal membrane integrity in bulls by combining the fluorochromes
Hoechst 33342, CFDA, and PI (ISAS3Fun) [8]. To facilitate the analysis using this test, a new
module was added to the OpenCASA software, which allows for the automated analysis
of these sperm quality parameters [12].

CFDA and PI have been combined to assess sperm membrane integrity in several
species [11,20–24]. This fluorochrome combination allows the acrosomes of spermatozoa
with a damaged plasma membrane to be distinguished, whose red nuclei (PI stained)
contrast with the green acrosome (carboxyfluorescein stained) [11,20]. However, live
spermatozoa accumulated carboxyfluorescein throughout both the head and the flagellum,
and the acrosome is not clearly distinguishable [20,25]. In a previous study [8], we added
a third fluorochrome to this combination, Hoechst 33342, allowing the discrimination of
acrosomal integrity both in live and dead spermatozoa (ISAS3Fun). The staining pattern of
the ISAS3Fun method is opposite to that of the lectins. Only sperm with intact acrosomes
contain esterases able to hydrolyse CFDA to carboxyfluorescein, emitting an intense green
fluorescence. This fluorochrome has a low molecular weight and is therefore rapidly lost
after damage is sustained by the acrosomal membrane, avoiding false negatives. As a
consequence, the ISAS3Fun method seems particularly sensitive for the evaluation of
acrosomal integrity in bulls. Even in frozen/thawed semen samples (0 h in Experiment 2),
the PNA/PI combination underestimated the extent of acrosomal damage when compared
to the ISAS3Fun kit.

During sperm capacitation, hyperpolarisation of the plasma membrane occurs, and
this hyperpolarisation has been attributed to an increase in calcium during acrosomal
exocytosis [18]. Calcium ionophores have long been known to increase intracellular calcium
and induce acrosomal exocytosis in mammalian sperm [26]. In the present study, the
calcium ionophore challenge validated the use of the ISAS3Fun method to quantify the
acrosome integrity in bulls, showing higher sensitivity than traditional PNA/PI staining. In
agreement with the findings of other authors [5], it seems that lectin-binding sites disappear
after extensive acrosomal damage, producing false negatives that cause an underestimation
of the degree of acrosomal injury. Consequently, the fluorescent methods have clearly
differed in their results of acrosome integrity, such that the percentage of spermatozoa
with intact acrosomes was higher using the PNA/PI combination than with the ISAS3Fun
method in most cases. Furthermore, the differences increased with time, particularly after
the ionomycin treatment, likely because of the presence of a higher number of spermatozoa
with extensive acrosomal loss.

The study of the evolution of the fluorescence sperm subpopulations allowed us to
clarify the effect of the treatments. Live spermatozoa showed a clear induced acrosome
reaction, with extensive acrosomal damage at 5 h after calcium ionophore was added. This
evolution was more clearly appreciated when using the ISAS3Fun combination, with a
sudden increase in the proportion of live spermatozoa with damaged acrosomes after
ionomycin treatment. The evolution of dead spermatozoa was less evident, showing a
reduction in spermatozoa with intact acrosomes when using the ISAS3Fun method, while
the proportion of this subpopulation even increased with time when using PNA/PI, likely
because the number of spermatozoa with complete acrosomal loss was higher in dead
spermatozoa.

Surprisingly, the induction of the acrosome reaction with ionomycin caused an ap-
parent increase in spermatozoa with intact plasma membranes when using the ISAS3Fun
kit (Figure 2a). We repeated the experiment several times and observed this increase
repeatedly. There is also no clear correspondence between the decrease in the IADM sub-
population (Figure 2e) and the expected increase in the DADM subpopulation (Figure 2f)
between 4 h and 5 h. Both events may be related to the increase in the DAIM subpopulation
(Figure 2d). At 4 h, we observed the presence of spermatozoa with intact acrosomes and
partial permeability to the propidium iodide, which stained red only in the head base, and
they were classified as IADM. It is possible that these spermatozoa with intact acrosomes
and only partially damaged plasma membranes were still capable of experiencing the
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acrosomal reaction. At 5 h, we observed a clear increase in the spermatozoa with increased
fluorescence intensity at the head and flagellum using the ISAS3Fun kit (IFI subpopulation
described in [8], data not shown). Given that the acrosome and the nucleus of most of
these spermatozoa were not distinguishable, they were classified as DAIM spermatozoa.
However, the increase in fluorescence intensity associated with the acrosome reaction could
have hidden the partial staining of the nucleus with propidium iodide, and, therefore, these
sperm could have damaged plasma membranes. Despite this, given that the proportion of
the IFI sperm subpopulation in the freshly thawed semen is very low, this observation does
not seem to limit the options of the ISAS3Fun method to predict potential bull fertility.

5. Conclusions

In conclusion, the simultaneous assessment of sperm plasma membranes and acro-
some integrity with the ISAS3Fun method seems to have a higher ability to discriminate
between high- and low-fertility bulls than a conventional in vitro sperm quality test. More-
over, the use of this technique to quantify acrosome integrity was validated in bulls, with a
higher sensitivity than traditional PNA/PI staining.
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Simple Summary: Swine reproduction efficiency is determined by the fertility potential of the sow
and sperm quality. The objective of this study is to compare boar sperm motility and kinematic
features to evaluate their relationships with reproductive success after artificial insemination (AI). In
this study, the movement patterns of boar ejaculates were analyzed by a computer-assisted semen
analysis (CASA)-Mot system, and the kinematic values of ejaculate clusters were assessed. The
semen of the Pietrain boars showed more linear trajectory of the spermatozoa, while curvilinear
velocity and oscillatory movement characterized the semen of the Duroc × Pietrain boars. The
offspring of sows inseminated with Pietrain boars showed significantly lower number of stillbirths.
In addition, ejaculate grouping into clusters did not have a predictive capacity on litter size variables.
Nevertheless, the kinematic variables of the ejaculate may have a predictive, albeit reduced, capacity
regarding litter size variables. The results of this study therefore open up possibilities for future
assessments of fertility.

Abstract: The aim was to determine the relationship between kinematic parameters of boar sper-
matozoa and fertility rates of sow, as well as to assess the effect of sperm clusters on the fertility
capacity of the ejaculate. Semen samples were collected from 11 sexually mature boars. Samples were
analyzed by an ISAS®v1 CASA-Mot system for eight kinematic parameters. Ejaculate clusters were
characterized using multivariate procedures, such as principal factors (PFs) analysis and clustering
methods (the k-means model). Four different ejaculate clusters were identified from two kinematic
PFs which involved linear trajectory and velocity. There were differences (p < 0.05) between the sperm
kinematic variables by sire line. There was no statistical difference (p > 0.05) between dam lines and
ejaculate clusters in fertility variables. The discriminant ability of the different kinematics of sperm
variables to predict litter size fertility was analyzed using receiver operating characteristics (ROC)
curve analysis. Curvilinear velocity (VCL), average path velocity (VAP), amplitude of lateral head
displacement (ALH), and beat-cross frequency (BCF) showed significant, albeit limited, predictive
capacity for litter size fertility variables (range: 0.55–0.58 area under curve, AUC). The kinematic
analysis of the ejaculates in clusters did not have a predictive capacity for litter size variables.

Keywords: sperm; cluster; sows; motility; CASA-Mot; artificial insemination

1. Introduction

Several countries have implemented frequent artificial insemination (AI) in pigs [1–3],
which has been associated with increased litter size [4–6]. AI increases the rate of genetic
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progress because it is designed to capture the advantages of heterosis; it increases the feed
efficiency, growth, and litter size while also reducing problems related to boars [7]. One
of the most important advantages of AI is that it requires no relocation of the sire, and a
single ejaculate can be used to inseminate 10 to 20 sows [8]. The semen sample should
be diluted and preserved at 17 ◦C [9] in order to extend useful sperm life, durability, and
quality [10–12].

The sperm quality needs to be evaluated to understand the fertility and genetic value
of the boar. Because of this, boars are housed in an artificial insemination station to optimize
management, health, and fertility [8,13]. Computer-assisted semen analysis (CASA) has
been used to evaluate the motility and kinematic parameters of the ejaculate, and more
than 70% total motility must be achieved for the ejaculate to be considered for insemination
of sows [14]. CASA systems have a pre-determined set-up to assess some species [15,16],
boars included, but configurations must be validated to assure the precision and accuracy
of the results.

Motility evaluation is based on kinematic patterns [16,17]. Sperm motion is obtained
by capturing consecutive frames of a posterior structuration of the trajectory [17–19].
CASA-Mot systems provide accuracy in the results of motility and kinematic parameters,
compared with the subjective methods used in the past [15]. However, this analysis
provides large volumes of data [20] that must be evaluated using multivariate statistics [21]
to reduce the dimensionality of the kinematic variables. Furthermore, for accuracy in the
assessment, some factors must be considered, such as software [22], capture fields [23],
recording time [24], counting chambers [25,26], and frame rate [27–29]. Therefore, to
reduce the variance of the results, a 20 µm depth for counting chambers in boars has
been recommended because it provides adequate space to promote the movement of the
spermatozoa [23,30].

Several authors have indicated that the ejaculate is composed of a heterogeneous
population of spermatozoa according to their kinematic variables [31–34]. Sperm subpopu-
lations have been described in many species [20,26,29,35–39]; nevertheless, the biological
meaning in terms of the physiological functions associated with fertility is still being
studied [40]. Even today, there are multiple clustering approaches that can be used to
estimate sperm subpopulations in the ejaculate, and different procedures are analyzed
to determine the statistical and biological relevance of these subpopulations [41,42]. This
paper characterized ejaculates into clusters for description. This approach was based on
the idea that we do not know which spermatozoa fertilized the sow, and which sperm
subpopulation contained that cell.

The principal parameters to determine sow fertility are litter size (LS), piglets born
alive [8,43], stillbirth or mummified piglets [8], and farrowing or conception rate [44–47].
Several studies have shown that sow fertility has a positive relationship with some kine-
matic parameters of boar sperm, such as curvilinear velocity (VCL), straight line velocity
(VSL), and beat cross frequency (BCF) [8,43,48–50]. The aim of the present study was to
determine the relationship between kinematic parameters of boar spermatozoa and fertility
rates of multiparous sows, using a commercial CASA-Mot system, as well as to determine
the effect of sperm clusters on the fertility capacity of the ejaculate.

2. Materials and Methods
2.1. Animals

The experiment was conducted at a commercial swine farm (Agropecuaria Los Sagi-
tarios S.A., Alajuela, Costa Rica) in 2019–2020 in the northwest of Costa Rica (Río Cuarto,
10◦20′32′′ N, 84◦12′55′′ W, Alajuela, Costa Rica, Central America), following the laws and
regulations for experiments on live animals in Costa Rica. This study was performed
following ethical principles, and with the approval of the Committee of Centro de Inves-
tigación y Desarrollo de la Agricultura Sostenible para el Trópico Húmedo at the Costa
Rica Institute of Technology (CIDASTH-ITCR), according to Section 08/2020, article 1.0,
DAGSC-100-2020.
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Eleven sexually mature and healthy boars from two commercial terminal sire lines
(SL: Duroc × Pietrain (n = 8) and Pietrain boars (n = 3)), 23.3 ± 8.5 months of age at the
beginning of the experiment and with known fertility, were used as semen donors in this
study. For the study, breeding boars were housed individually in well-ventilated pens with
average temperature of 25.60 ± 2.94 ◦C during the time of the experiment. Ejaculates were
collected in rainy season. Females came from four crossbred dam genetic lines (DL: York
(Y), Landrace (L) and Pietrain (P); with the following crossing schemes YLP-50 ( 1

4 Y × 1
4 L

× 1
2 P), YLP-75 (1/8 Y × 1/8 L × 3/4 P), YLP-87.5 (1/16 Y × 1/16 L × 7/8 P); and Y-L-50

( 1
2 Y × 1

2 L)). All the females were bred at the farm and they came from within maternal
crossing schemes such as the continuous 3-generation cross between YLP hybrid sows and
P boars. Mean sow parity for all dam genetic lines was 4.10 ± 2.76. The animals were fed
with the standard breeder mixture (made on the farm), containing maize, soybean meal,
mineral mixture, and common salt, to fulfill their nutrient requirements [51]. Concentrate
was provided to pregnant sows—2.5 kg in the first 2/3 of gestation and 3 kg in the final
third—and males consumed 2.5 kg per day and were provided with water ad libitum.

2.2. Fertility Trial

A total of 816 triple artificial inseminations performed with homospermic ejaculates
were evaluated in 272 sows. These AIs were conducted randomly with 40 ejaculates from
11 males. Each genetic line of females was randomly inseminated with each genetic line
of males. The ejaculates were used within 3 days of collection, and only those used to
inseminate at least three females were evaluated. The mean number of inseminated sows
per boar was 24.7 ± 10.1 females. All crossbred dam lines were inseminated with seminal
doses from each sire line. Fertility rate was measured as females pregnant/total number
of females inseminated (%). Total piglets born per litter (TPB), piglets born alive (PBA),
stillbirth (SB), number of mummies (MP), and litter weight (LW; kg) were used as fertility
variables, and those parameters were measured at the farrowing time.

2.3. Collection and Examination of Semen

Semen samples were collected in the morning, once per week, using the “gloved-hand”
technique [52] and immediately placed in a water bath at 37 ◦C in the farm laboratory.
In all cases, the sperm-rich fractions were collected and diluted 1:1 (vol:vol) by one-step
with a commercial extender (Zoosperm ND5; Import-Vet, Barcelona, Spain). Insemination
doses contained 3.7 ± 1.3 × 109 spermatozoa. From each boar, 3.64 ± 0.81 ejaculates were
obtained. Samples from each ejaculate were evaluated for motility, and only ejaculates
with at least 70% motile spermatozoa and 85% morphologically normal spermatozoa were
used. The concentration was measured with Spermacue (Minitube, GmbH, Tiefenbach,
Germany) following established protocols [24]. Samples were stored at 17 ◦C and were
then transported to the laboratory in the same refrigerated conditions (17 ◦C) used for
commercial distribution. A volume of one milliliter (1 mL) of mixed samples was placed
in an Eppendorf® tube (Sigma-Aldrich, St. Louis, MO, USA) and maintained at 37 ◦C for
30 min before use.

2.4. Assessment of Sperm Variables

For the analysis of motility, ISAS® D4C20 disposable counting chambers (Proiser R+D.,
Paterna Spain) were used after being pre-warmed at 37 ◦C. After thorough mixing of the
diluted semen samples, a volume of 2.7 µL was distributed along the counting chamber
race by capillarity to fill it completely. Analyses were conducted using the CASA-Mot
system ISAS®v1 (Integrated Semen Analysis System, Proiser R+D, Paterna, Spain) fitted
with a video-camera (Proiser 782M, Proiser R+D), with 25 frames acquired per field at a
frame rate of 50 Hz and final resolution of 768 × 576 pixels. The camera was attached to
a microscope UB203 (UOP/Proiser R+D) with a 1× eyepiece and a 10× negative phase
contrast objective (AN 0.25), and an integrated heated stage maintained at a constant
temperature of 37.0 ± 0.5 ◦C. The CASA settings used were a particle area between 10 and
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80 µm2 and connectivity of 11 µm. The percentage of total motile cells and progressive
motility (%) corresponded to spermatozoa swimming forward quickly in a straight line.
The following parameters defined progressive motility: straightness (STR, straightness
index) ≥45% and average path velocity (VAP) ≥25 µm·s−1, defined as the average velocity
over the smoothed cell path. A single technician carried out the assessments of sperm
morphology. Sperm were classified as having normal or abnormal morphologic features
following WHO strict criteria [53]. A total of 200 sperm were analyzed per slide; 100 sperm
from each of two different locations on the slide were assessed. If the difference between
the percentage of normal sperm in the two areas was 5% or less, then the mean value
was calculated.

2.5. Computerized Kinematics Analysis

The CASA analyses were performed in seven microscope fields on a total of at least
600 cells per sample. The CASA-Mot variables assessed in this study included straight-
line velocity (VSL, µm·s−1), corresponding to the straight line from the beginning to the
end of the track; curvilinear velocity (VCL, µm·s−1), measured over the actual point-
to-point track followed by the cell; average path velocity (VAP, µm·s−1), the average
velocity over the smoothed cell path; amplitude of lateral head displacement (ALH, µm),
defined as the maximum of the measured width of the head oscillation as the sperm
swims; beat-cross frequency (BCF, Hz), defined as the frequency with which the actual
track crosses the smoothed track in either direction; motility (%), defined as the percent-
age of total motile cells; and progressive motility (%), corresponding to spermatozoa
swimming rapidly forward in a straight line. Three progression ratios, expressed as
percentages, were calculated from the velocity measurements described above: linearity
of forward progression (LIN = VSL/VCL·100), straightness (STR = VSL/VAP·100), and
wobble (WOB = VAP/VCL·100).

2.6. Statistical Analysis

The data obtained from the evaluations of all ejaculates and fertility were analyzed
by descriptive statistics. Distribution properties for all variables were also explored using
histograms and probability plots.

2.6.1. Multivariate Procedures

A subset of data was created with the means per ejaculate of all eight kinematic
variables. Multivariate procedures were performed to identify ejaculate clusters from this
subset of sperm kinematic data. This approach was founded on the fact that we do not
know which spermatozoa fertilized the sow, and which sperm subpopulation contained
that cell. All the values for the kinematic variables were standardized to avoid any scale
effect. A principal factor analysis (PFA) was performed on these data to derive a small
number of linear combinations that still retained as much information as possible from the
original variables. Prior communalities for this analysis were estimated from the maximum
absolute correlation coefficient between each variable and any other. The number of
principal factors (PF) to be extracted was determined from the Kaiser criterion, namely
by selecting only those with an eigenvalue >1. The KMO (Kaiser-Meyer-Olkin) statistic
was also obtained [21] as a measure of dataset adequacy for factor extraction. As a rotation
method, the varimax method with Kaiser normalization was used [54]. Correlations
between factors and original kinematic variables were explored to better understand the
meaning of the factors extracted.

Further, an analysis was conducted to classify the ejaculates into a reduced number
of clusters, based on scores obtained from factor analysis. This was accomplished in two
phases, combining hierarchical and non-hierarchical clustering procedures. First, factor
scores for all ejaculates were clustered hierarchically using the Ward Minimum Variance
method [55]. From this analysis, an optimal number of clusters was determined based on
criteria such as the Cubic Clustering Criterion (CCC), Pseudo-T, Pseudo-F, and partial R2.
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Second, the optimal number of clusters obtained in the previous analysis was used as the
target number of clusters in a non-hierarchical K-means cluster analysis [56].

ANOVA was further applied to evaluate statistical differences between clusters for
all kinematic variables. The threshold for significance was defined as p < 0.05. Further,
pairwise comparison between cluster means were performed by the Tukey-Kramer test.
Results were presented as mean ± standard deviation of the mean. All data were analyzed
using the SAS 9.4 [57] statistical program.

2.6.2. GLMM Model on Sow Fertility Parameters

Sow fertility variables were analyzed using the Generalized Linear Mixed Models
(GLMM). The response variables were litter weight, litter size, piglets born alive, stillbirth,
and number of mummies. A normal distribution with an identity link function was
assumed for litter weight, while a Poisson distribution with a log identity link function was
assumed for all other response variables. Ejaculate clusters, obtained from multivariate
analysis, was considered as the main fixed independent factor in the model. Other fixed
factors with potential effects on sow fertility were also added to the model, such as dam
line, sire line, dam × sire line interaction, nested boar within sire line, month of farrowing,
pregnancy length, different parities, and length of period between previous and present
ejaculate. A random residual effect was also added to the model to account for correlations
between different ejaculates obtained from the same boar. GLMM analysis was performed
with the SAS 9.4 [57] statistical program.

2.6.3. ROC Analysis

The diagnostic test with a dichotomous outcome (positive/negative fertility test re-
sults) of the different kinematic semen variables to predict litter size fertility was analyzed
using receiver operating characteristic (ROC) curve analysis. The approach of diagnostic
test evaluation uses sensitivity and specificity as measures of accuracy of the test, in com-
parison with standard status (farrowing). The sensitivity (true positive rate) and specificity
(true negative rate) of each kinematic variable vary across the different thresholds, and the
sensitivity was inversely related with specificity. The plot of sensitivity versus 1-Specifity
is called receiver operating characteristic (ROC) curve and the area under the curve (AUC).
AUC varies from 0.5 (test with no discriminatory ability) to 1 (perfect discriminatory abil-
ity). An ROC was also used to calculate the elective breaking point (cut-off value) for each
kinematic sperm variable. The analysis may also be used to determine the optimal cut-off
value (optimal decision threshold).

3. Results
3.1. Descriptive Analysis of Semen Evaluation

Sperm concentration, volume of semen, and total spermatozoa in the ejaculate were
374.23 ± 129.24 × 106/mL, 231.98 ± 63.08 mL and 82.04 ± 23.73 × 109, respectively.
The sperm concentration (million/mL) was 378.63 ± 134.98 in the Duroc × Pietrain
crossbred and 361.00 ± 112.35 in the Pietrain. Total motility (%) of boar samples was
77.36 ± 11.17, with an overall range of 35.05–93.69%. The progressive motility of sperm
(%) was 63.76 ± 11.96. Average total motility (%) for Duroc × Pietrain and Pietrain boars
was 81.28 ± 7.76 and 65.61 ± 11.73, respectively (p < 0.05). The progressive motility (%)
was 67.00 ± 10.05 (Duroc × Pietrain) and 54.04 ± 12.19 (Pietrain) (p < 0.05).

3.2. Analysis of the Ejaculate Cluster Structure

Principal factors analysis indicated a KMO statistic of 0.56, and final communality
estimates were above 0.85 for all kinematic variables, except BCF (0.05). According to
Kaiser criterion, two significant PF can be extracted from these data, both accounting for
98% of the total variance. The first PF, defined as linear trajectory (PF1), was responsible
for 53% of the variance and was mainly associated with the kinematic variables LIN, STR,
WOB, and VSL, with the largest correlation being for LIN (0.99). The second PF, defined
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as velocity (PF2), was strongly associated with the variables VCL, VAP, VSL, and ALH,
with the largest correlation being for VCL (0.98) (Table 1). This factor also indicated that
ejaculates whose sperm presented a linear trajectory had a relatively greater effect on the
total variance than the ejaculates where sperm velocity was faster (Figure 1).

Table 1. Correlations between boar sperm kinematic variables (unrotated solution) and latent factors
(PF1, PF2) *.

Variable PF1 PF2

LIN 0.99
STR 0.92

WOB 0.89
VSL 0.75 0.60
VCL 0.98
ALH 0.91
VAP 0.86
BCF

Var Exp (%) 53.1 44.9
Var Exp: variance explained in each PF. Total variance explained: 98.0%. * Expresses the more important variables
in each PF. Only eigenvectors >0.6 are presented. 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. Bold is recommended for the appreciation of the total
variance explained.

Figure 1. Distribution of factor loading of kinematic variables for boar spermatozoa on the plane
conformed by two first principal factors (PFs with % variance explained). 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.

The optimal clustering level is obtained when local peaks of CCC, a high value of
Pseudo F, and a low value of Pseudo T2 are combined together with a high value (Figure 2).
This was approximately at group level 3; however, level 4 could be better by group location.
The stability and accuracy of the grouping by cluster was contrasted by the coefficient of
determination (R2 = 0.75). The model was adjusted in the cluster procedures analysis with
R2 in each repetition for better validation (Figure 3).
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Figure 3. Distribution of ejaculates according to the principal factors value and prediction ellipse of
the clusters (sperm populations).

Boar ejaculates were grouped into four clusters according to hierarchical Ward’s
minimum variance, followed by non-hierarchical k-means clustering procedures (Table 2).
The kinematic parameters characterized the sperm movement in the ejaculate clusters (ECs).
Cluster 1 (EC1) contained the sperm with the highest VCL and VAP (92.08 ± 5.12 µm·s−1;
51.79± 3.28 µm·s−1 respectively). These ejaculates present a spermatozoa with highest BCF
and ALH (8.93 ± 0.59 Hz; 3.46 ± 0.23 µm respectively). Cluster 2 (EC2) included sperm
characterized by high VSL (42.91 ± 2.76 µm·s−1), and the highest values of LIN and STR
(57.17 ± 3.59%; 82.34 ± 1.50% respectively). Cluster 3 (EC3) contained the ejaculates whose
spermatozoa had a high oscillatory movement, indicated by WOB and BCF (63.72 ± 2.86%;
8.73 ± 0.52 Hz respectively), and an intermediate value of STR (75.72 ± 5.58%). Cluster 4
(EC4) exhibited ejaculates whose sperm were less linear and progressive, as indicated by
the lowest VSL and VAP (24.00 ± 4.68 µm·s−1; 37.21 ± 5.56 µm·s−1 respectively), together
with the lowest values of LIN and STR (37.26 ± 5.37%; 65.48 ± 6.66% respectively).
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Table 2. Kinematic variables (mean ± SD) of the four ejaculate clusters (ECs).

Variable EC1 EC2 EC3 EC4

VCL 92.08 ± 5.12 a 75.19 ± 4.54 b 65.48 ± 6.07 c 68.57 ± 9.98 b,c

VSL 38.09 ± 6.52 a 42.91 ± 2.76 a 31.69 ± 3.48 b 24.00 ± 4.68 c

VAP 51.79 ± 3.28 a 50.16 ± 3.43 a 41.30 ± 3.43 b 37.21 ± 5.56 b

LIN 42.23 ± 6.68 c 57.17 ± 3.59 a 49.53 ± 4.49 b 37.26 ± 5.37 c

STR 71.44 ± 7.51 b,c 82.34 ± 1.50 a 75.72 ± 5.58 b 65.48 ± 6.66 c

WOB 57.49 ± 4.54 b 67.35 ± 3.61 a 63.72 ± 2.86 a 55.45 ± 3.75 b

ALH 3.46 ± 0.23 a 2.73 ± 0.17 b 2.47 ± 0.20 b 2.70 ± 0.35 b

BCF 8.93 ± 0.59 8.36 ± 0.43 8.73 ± 0.52 8.44 ± 0.87
EC1: rapid, progressive and undulatory; EC2: medium velocity and linear progressive; EC3: slow, progressive
and undulatory; EC4: slow velocity, nonlinear and non-progressive. Number of ejaculates = 40. VCL: curvilinear
velocity (µm·s−1); VSL: straight line velocity (µm·s−1); VAP: average path velocity (µm·s−1); LIN: linearity of
forward progression (%); STR: straightness (%); WOB: wobble (%); ALH: amplitude of lateral head displacement
(µm); BCF: beat-cross frequency (Hz). SD: standard deviation. a–c Different letters indicate differences between
ejaculate clusters. p < 0.05.

3.3. Relationship between Kinematics Cluster and Fertility

The mean fertility rate was 69.60 ± 21.67%. There were no differences between sire
lines for this variable. There were differences (p < 0.05) between the sperm kinematic
variables by sire line. The kinematic variables of semen of the Pietrain boars showed more
linear trajectories of the spermatozoa, whereas semen from Duroc × Pietrain boars were
characterized by curvilinear velocity and oscillatory movement of the sperm (Table 3).
Fertility results based on the mean values of each cluster indicate differences (p < 0.05)
between ejaculate clusters for total piglets born per litter (TPB), stillbirth (SB), and litter
weight (LW; kg). There were no significant differences between ejaculate clusters (p > 0.05)
for piglets born alive (PBA) and number of mummies (MP). However, some trends were
observed. EC3 had higher PBA (10.25 ± 1.32), but higher MP (0.32 ± 0.17); moreover,
LW was also higher (18.83 ± 1.71 kg). EC2 was characterized by intermedium fertility
rates in all categories, exhibiting a higher value in PBA (9.55 ± 1.28) than EC1 and EC4.
Finally, EC4 had the lightest litter (11.47 ± 2.03 kg); because of this, EC4 presents the
lowest TPB (7.64 ± 1.13), and also reported the lowest SB (0.12 ± 0.07) and intermedium
MP (0.19 ± 0.14). The fertility variables characterized according to ECs indicate that EC3
showed the highest litter size, while EC4 presented the lowest value of total piglets born
per litter. EC2 and EC3 presented higher values of stillbirth than EC1 and EC4 (Table 4).
The fertility variables characterized according to sire genetic line did not show differences
(p > 0.05), except for significantly fewer stillbirths in Pietrain boars (Table 5).

Table 3. Kinematic variables (mean ± SEM) of boar ejaculates by sire genetic line.

Sire Line

Variable Pietrain Duroc × Pietrain

VCL 71.10 ± 0.18 a 76.15 ± 0.06 b

VSL 39.32 ± 0.11 a 32.25 ± 0.04 b

VAP 47.51 ± 0.11 a 43.70 ± 0.04 b

LIN 55.34 ± 0.14 a 43.68 ± 0.05 b

STR 80.03 ± 0.12 a 72.02 ± 0.04 b

WOB 67.58 ± 0.08 a 58.57 ± 0.03 b

ALH 2.61 ± 0.01 a 2.93 ± 0.02 b

BCF 8.16 ± 0.01 a 8.63 ± 0.02 b

Number of ejaculates = 40. VCL: curvilinear velocity (µm·s−1); VSL: straight line velocity (µm·s−1); VAP: average
path velocity (µm·s−1); LIN: linearity of forward progression (%); STR: straightness (%); WOB: wobble (%); ALH:
amplitude of lateral head displacement (µm); BCF: beat-cross frequency (Hz). SEM: standard error of the mean.
a–b Different letters indicate differences between sire lines. p < 0.05.
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Table 4. Fertility variables in pigs (mean ± SEM) by cluster of boar ejaculates.

Cluster of
Ejaculates

Total Born per
Litter Piglets Born Alive Stillbirth Number of

Mummies
Litter Weight at

Birth (kg)

EC1 9.22 ± 1.21 a,b 8.91 ± 1.25 a 0.17 ± 0.09 a 0.08 ± 0.07 a 15.00 ± 1.88 a,b

EC2 10.37 ± 1.28 a,b 9.55 ± 1.28 a 1.33 ± 0.50 b 0.18 ± 0.09 a 15.72 ± 1.78 a,b

EC3 11.50 ± 1.37 a 10.25 ± 1.32 a 1.50 ± 0.61 b 0.32 ± 0.17 a 18.83 ± 1.71 a

EC4 7.64 ± 1.13 b 7.22 ± 1.14 a 0.12 ± 0.07 a 0.19 ± 0.14 a 11.47 ± 2.03 b

SEM: standard error of the mean. a–b Different letters indicate differences between clusters. p < 0.05.

Table 5. Porcine fertility variables (mean ± SEM.) by sire genetic line (percentage variation with respect to Pietrain in brackets).

Sire Line Total Born per
Litter Piglets Born Alive Stillbirth Number of

Mummies
Litter Weight at

Birth (kg)

Pietrain 8.93 ± 0.93 8.74 ± 0.97 0.28 ± 0.11 b 0.13 ± 0.09 13.88 ± 1.45

Duroc × Pietrain 10.27 ± 0.65
(115.01%)

9.08 ± 0.61
(103.89%)

0.74 ± 0.16 a

(264.29%)
0.24 ± 0.07
(184.61%)

15.58 ± 0.90
(112.2%)

SEM: standard error of the mean. a–b Different letters indicate differences between sire lines. p <0.05.

3.4. Fertility Variables by Dam and Sire Genetic Line

Fertility parameters did not show significant differences (p > 0.05) between dam lines.
The hybrid (Y-L-50) presents the highest value in TPB (10.44 ± 0.96), PBA (9.45 ± 0.92),
and SB (0.65 ± 0.21). YLP-87.5 showed the lowest MP (0.13 ± 0.08), followed by Y-L-50
(0.15 ± 0.11). The heaviest litter was for YLP-75 (15.53± 1.32 kg), which represents 103.22%
of the value of Y-L-50 (Figure 4). The Pietrain sire line had fewer SBs than Duroc × Pietrain
(0.74 ± 0.16), but all the other parameters showed no differences (p > 0.05). Pietrain had
lower values of MP (0.13 ± 0.09), but Duroc × Pietrain presented a higher value of TPB
(10.27 ± 0.65) and PBA (9.08 ± 0.61) (Figure 4).

3.5. Predictive Capacity of Fertility

The sperm kinematic variables with significant results in the ROC curve analysis
are presented in Table 6. VCL, VAP, ALH, and BCF showed significant, albeit limited,
predictive capacity for litter size fertility variables (range: 0.55–0.58 AUC). Cut-off values,
with their sensitivities and specificities, are also presented in Table 6. The best cut-off
points to identify ejaculates with low fertility potential in relation to number of mummies
were 70.70 µm·s−1 VCL, 42.40 µm·s−1 VAP, and 2.59 µm ALH. Similarly, ejaculate clusters
showed limited predictive capacity for litter size variables (data not shown).

Table 6. Cut-off values of kinematic sperm variables significantly related to litter size fertility, calculated from receiver
operating characteristic (ROC) curves.

Variable Cut-Off Value Sensitivity (%) Specificity (%) Area ROC p-Value

Total Born per Litter

VCL 71.30 56.38 52.58 0.56 0.06
ALH 2.64 50.00 53.33 0.57 0.04
BCF 8.56 55.32 51.55 0.55 0.12

Piglets Born Alive

VCL 71.50 53.19 55.67 0.56 0.06
ALH 2.64 53.57 50.47 0.58 0.03

Number of Mummies

VCL 70.70 56.38 52.58 0.57 0.08
VAP 42.40 54.35 50.51 0.57 0.09
ALH 2.59 50.00 53.33 0.57 0.07

VCL: curvilinear velocity (µm·s−1); VAP: average path velocity (µm·s−1); ALH: amplitude of lateral head displacement (µm); BCF:
beat-cross frequency (Hz).
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Figure 4. Dam genetic line effect on the values of piglets born alive, stillbirth, and litter weight at
birth (kg). Y: York, L: Landrace, P: Pietrain, YLP-50 = ( 1

4 Y × 1
4 L × 1

2 P), YLP-75 = (1/8 Y × 1/8 L ×
3/4 P), YLP-87.5 = (1/16 Y × 1/16 L × 7/8 P), Y-L-50: 1/2 Y × 1/2 L. p < 0.05.

4. Discussion

The number of sows inseminated by a single ejaculate depends on the concentration
and quality of the semen [46]. This quality is measured by microscopic analysis of the sam-
ples, which allows maximization of the number of doses per boar [23]. The selection criteria
of the genetic line or breed must be taken in the context of the farm’s purpose [58] and the
semen quality [59], because the fertility of the sows is related to semen characteristics, such
as kinematic variables [8,43,48–50], morphometric values [60], DNA fragmentation [61],
concentration [62], and viability [63]. Our results indicate a mean concentration of 3.7 × 109

spermatozoa per AI dose. Our multivariate analysis found four ejaculate clusters, where
EC1 was characterized by rapid and progressive spermatozoa; this cluster had only ejac-
ulates from Duroc × Pietrain boars. Moreover, EC4 was mainly ejaculates provided by
Duroc × Pietrain boars, and was characterized by slow and non-progressive sperm. The
major proportion of Pietrain ejaculates was in EC3; this cluster had ejaculates with slow and
progressive spermatozoa. In EC2, both sire lines were better distributed, and the ejaculates
were characterized by medium velocity and linear progressively motile spermatozoa.

Some authors have found that sperm parameters, such as motile spermatozoa, do not
predict litter size [64,65]. Other studies have found similar results with respect to the effect
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of motile spermatozoa on fertility of litter size, indicating that when total motile spermato-
zoa is more than 60% and there is a concentration of 3 × 109 spermatozoa per AI dose, no
relationship with fertility parameters is found [66,67]. This study showed that Duroc ×
Pietrain boars have better patterns in motile and progressively motile spermatozoa than
Pietrain boars. These data could indicate that Duroc × Pietrain boars have the best fertility
data, and the results of TPB showed that Duroc × Pietrain had the highest value, and that
the value was relevant. Several authors have asserted that the kinematic values are related
to fertility data of the sows, such as litter size [8,43,48], pregnancy rate [49,50], and fertility
index [50]. The most related variables of kinematics are VSL [8,48], VCL [8,43,50], and
BCF [8,49,50]. Our results showed that EC1 had the highest values of VCL and BCF, and
an intermediary value of VSL. Multivariate procedures showed that the sire line had no
effect (p > 0.05) on the fertility data. Non-relevance of the difference between boar racial
groups could be due to the fact that the clusters are very close in Euclidean distance with
respect to the centroids, and some ejaculates were assigned to a specific group (cluster) but
maintained some motile spermatozoa and/or kinetic patterns similar to ejaculates from
another cluster. The main obstacle to estimating the fertility of the boar is that it is necessary
for a large number of sows to be inseminated over a long period of time, requiring an
extended time period for the study, and during this time the boar fertility could change [65].
In our study, we determined that the coefficient of variation in motile spermatozoa ranged
from 1.48% to 24.26%, while the percentage of progressively motile spermatozoa ranged
from 5.41% to 37.69%. Differences between boars could be due to individual variability,
breed, and age [8,49,68]. The ejaculates in the present study showed within and between
boar differences. Furthermore, we characterize the assessed ejaculates on the basis of
variables such as sperm velocity and progressiveness, being able to describe both rapid
and progressive ejaculates as well as slow and non-progressive ejaculates. In our study,
we characterized ejaculates into clusters for description. Other studies have described
subpopulations of spermatozoa [26,29,33,34,36–39,69–71]. However, we believed it more
appropriate to regard them as ejaculates because we do not know which spermatozoa
fertilized the sow, and which sperm subpopulation contained that cell. Fertility is multifac-
torial, with semen having an effect only in the final result; on the other hand, the sow has
many more influencing factors. Among the main factors that influence sow fertility are
weather [72], housing conditions [73], nutritional status [72], duration of gestation [74], en-
docrine activity [72], and sow lifetime productivity [75]. In the present study, four maternal
crosses were considered because maternal ability can influence phenotypic performance
in species with numerous litters, such as pigs [76–78]. In the case of boars, two racial
groups were used because of the selection objective in terminal crossings [79–81]. The
results indicated that the sows of line Y-L-50 inseminated with Duroc × Pietrain boars
presented better litter size yields; this is explained by the genetic potential provided by
heterosis and complementarity [82]. There was no difference (p > 0.05) between dam lines
in the fertility variables, even though those values showed highly variable percentages
compared to Y-L-50. However, we suggest that there is biological and economic importance
because of the genetic improvement achieved by selecting sows and boars to increase the
number of live born piglets and the survival proportion [83]. The prenatal survival of
pigs is of great importance [84], and this is linked to the quality of the oocyte [72], which
is influenced by the nutrition of the sow [75]. To explain the relevance of the differences
between ejaculate clusters, it is necessary to analyze the data; YLP-87.5 has the lowest
values of SB and MP, therefore the value of PBA is intermediate even when it has a low
TPB. On the other hand, Y-L-50 is the dam line with the highest TPB value, but it is also the
one with the most SB, and therefore its PBA quantity is diminished. This study determined
the probability of relevance from the Bayesian marginal posterior distribution to confront
these findings with the significance p < 0.05 from each cluster of boar ejaculates, and in
some cases indicated that differences between cluster could be considered irrelevant. Other
studies carried out in other species, such as cattle, have described results that indicate that
the differences between sperm subpopulations are not relevant [42]. On the other hand,
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the fertility variables showed differences between EC2 to EC4, which could be explained
by the values of the sperm velocity variables and the velocity relationships. In this sense,
EC2 presented the highest values of VSL, VAP, LIN, STR, and WOB, while EC4 was the
cluster with the lowest values for the same variables. These results indicate the need to
continue studying the cluster structure of pig ejaculates, and how these intervene in the
fertility functionality of females.

5. Conclusions

We have shown that kinematic analysis of boar ejaculates reveals kinematically sepa-
rate populations. There were differences between the sperm kinematic variables by sire
line. However, there was no overall significant difference between dam lines assessed by
multivariate procedures. The fertility variables characterized according to the sire genetic
line did not show differences, except for significantly fewer stillbirths in Pietrain boars.
Sperm kinematic variables may have a predictive capacity for litter size variables, albeit
a limited one. Nevertheless, the analysis of the ejaculates into clusters did not have a
predictive capacity for litter size variables.
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