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ABSTRACT

We are currently experiencing a period of rapid advancement in various areas of science and technology.
The integration of high throughput ‘omics’ techniques with advanced biostatistics, and the help of
artificial intelligence, is significantly impacting our understanding of sperm biology. These advances will
have an appreciable impact on the practice of reproductive medicine in horses. This article provides a
brief overview of recent advances in the field of spermatology and how they are changing assessment
of sperm quality. This article is written from the authors’ perspective, using the stallion as a model. We
aim to portray a brief overview of the changes occurring in the assessment of sperm motility and
kinematics, advances in flow cytometry, implementation of ‘omics’ technologies, and the use of artificial
intelligence/self-learning in data analysis. We also briefly discuss how some of the advances can be
readily available to the practitioner, through the implementation of ‘on-farm’ devices and telemedicine.

Keywords: artificial intelligence, CASA, computer-assisted sperm analysis, flow cytometry,
metabolomics, proteomics, self-learning, spermatozoa, stallion.

Introduction

At the time of writing of this paper, we are in the third decade of the 21st century, and are
currently witnessing impressive scientific discoveries; the first picture of a black hole
(Castelvecchi 2019), the first results of nuclear fusion (Tollefson 2023), gene editing
(Ledford and Callaway 2020), and the development and popularisation of artificial intelli-
gence (AL; Wang et al. 2023) among many other amazing advances in human knowledge.
Undoubtedly, medical and biological sciences have experienced notable advancements as
well. However, frequently under clinical conditions, basic semen analysis is not performed
that differently from the 19th and 20th centuries. This is based on the subjective estimation
of motility under the microscope as the main assay to establish sperm quality, and
occasionally morphology assessment. In this paper, we predict that semen assessment will
be revolutionised over the coming decade. The optimism of this affirmation is based on the
following: (1) Our knowledge of the biology of the spermatozoa has increased exponen-
tially in the last decade, with paramount advances in the knowledge of the metabolism
(Gibb et al. 2015; Martin-Cano et al. 2020; Ortiz-Rodriguez et al. 2020, 2021; Pena et al.
2022), redox biology (Gibb et al. 2014; Pena and Gibb 2022), and capacitation (Leemans
et al. 2019; Maitan et al. 2021; Felix et al. 2022; Ramirez-Agamez et al. 2024), among other
important functional aspects of these particular cells, such as the proteome (Swegen et al.
2015; Griffin et al. 2020), phospho-proteome (Gaitskell-Phillips et al. 2023), epigenome,
and the impact of the spermatozoa on early stages of embryo development (Castillo et al.
2018; Cannarella et al. 2020; Jena et al. 2021). (2) The introduction of Al/self-learning
techniques in the analysis of data. (3) The increased consensus amongst practitioners
and scientists regarding the insufficient standardisation of semen analysis and the need to
implement standardised protocols. (4) The development of ‘on-farm’ tests that will provide
valuable information to be used in large field trials with the aid of Al/self-learning
algorithms. Since the authors’ species of interest is the equine, most of the paper will
use the stallion spermatozoa as the main model.
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Sperm motility

As previously mentioned, the assessment of motility is at the
core of semen analysis because it is an intrinsic and fundamen-
tal property of the spermatozoa. Despite that under clinical
conditions subjective estimation of motility is still widely
used, nowadays computer-assisted sperm analysis (CASA)
has progressively been introduced in practice (Buss et al.
2019; Gacem et al. 2020). Undoubtedly, these systems
provide significant advantages, such as automatisation and
avoiding the bias introduced by the human observer. An
essential aspect, which stresses the importance of the use of
automatic analysis in veterinary medicine, is the high
subjectivity in the analysis that is usually performed. While
in human andrology motile spermatozoa are counted one
by one and classified in groups depending on their velocity
(WHO 2021), in veterinary medicine it is customary to establish
a subjective percentage of spermatozoa with progressive
motility, that is spermatozoa moving in a straight line or a
wide circle irrespective of its velocity. Moreover, differences
in anatomical sperm characteristics among species further
complicate standardisation.

Despite the obvious advantages, some issues with CASA
systems need to be addressed, most of them relating to the
settings that need to be adapted to each species, including:
the need to define the minimum speed and straightness of
the trajectories to establish what is a progressive motile
spermatozoon for each species; the frame acquisition rate
(Gacem et al. 2020), which applies to all species and largely
impacts the definition of the sperm trajectories and estimation
of all sperm velocities; and the consideration of differences of
size and shape of the heads among species. Another important
aspect is the clear definition of a capacitated spermatozoa,
and thus the ability to identify activated and hyperactivated
patterns of motility (Goodson et al. 2011). In animal andrology,
aspects related to improved species-specific standardisation are
lacking; moreover, one important aspect to be improved is the
differentiation of immotile spermatozoa from non-sperm
debris, an aspect essential in humans, in which the semen is
rich in cellular populations other than spermatozoa, and in
cryopreserved spermatozoa, in which egg yolk particles may
be present, which are of a similar size to spermatozoa and can
be mismatched as immotile spermatozoa. Different alternatives
have been proposed to overcome these problems, including the
staining of spermatozoa with permeable DNA binding probes
or algorithms for tail recognition, in addition to playback
functions in the software to allow removal of non-sperm particles
incorrectly classified as spermatozoa from the analysis.
However, despite these problems, reliable and repeatable
outcomes can be obtained if appropriate procedures are used
that include proper standardisation of the procedure adapted
to the species of interest; extension of the ejaculate in a
physiological, transparent media chamber with an adequate
depth of 20uM; adequate temperature; minimum number of

motile spermatozoa evaluated; concentration of the sample;
and a frame rate ideally higher than 60 Hz (Gacem et al.
2020). The flaws introduced by reporting the CASA-derived
parameters as average values of the percentages of motility,
velocities, and other kinematic parameters, were already
stated in the last century (ESHRE Andrology Special Interest
Group 1998); however, nowadays it is still customary to report
average values. Recent studies in sperm biology highlight the
importance of the identification of the population of
spermatozoa able to fertilise an oocyte instead of reporting
average values (Escoffier et al. 2012, 2015). Only a select
population of the whole ejaculate can colonise the oviduct
and form the sperm reservoir; moreover, only a small
percentage is able to capacitate, which is a pre-requisite for
fertilisation. Overall, studies based on flow cytometry
analysis identify a specific subpopulation in the ejaculate
able to capacitate (Escoffier et al. 2012, 2015). Attempts to
identify sperm subpopulations after CASA analysis have
been conducted (Nunez-Martinez et al. 2005; Martinez et al.
2006; Ortega-Ferrusola et al. 2009; Bompart et al. 2018; Yaniz
et al. 2018; Ibanescu et al. 2020; Martinez-Pastor 2022).
However, specific algorithms to identify sperm subpopulations
are not incorporated into commercial CASA systems.

In the era of Al, self-learning algorithms have been
introduced in the analyses of motility data (Fernandez-Lopez
et al. 2022). Using the porcine model, Fernandez-Lopez et al.
(2022) developed a protocol for the analysis of motility data
obtained after CASA analysis using a t-distributed stochastic
neighbour embedding (t-SNE) algorithm. This is the most
frequently used visualisation method of single-cell data
analysis. The goal of t-SNE is to place similar cells together
and different cells further apart on a 2D or 3D plot, helping
to get a visual understanding of the underlying pattern of
the single-cell population. The t-SNE algorithm learns the
underlying manifold of the original dataset and calculates
the correct distance between points in complex patterns. In
the referenced study (Fernandez-Lopez et al. 2022), high
speed and straight-line motion kinematic parameters were
found to be the most powerful predictors of fertility. Machine
learning algorithms have also been used for the analysis of
recorded videos of human sperm motility (Hicks et al. 2019);
this approach also underlines the possibilities of telemedicine
in veterinary andrology, which will be further discussed in the
pertinent section in this review.

Flow cytometry

Flow cytometry has been in use in the field of veterinary
andrology since the 1980s. During the 1990s, there was a
significant development of the technology for sexing sperma-
tozoa based on differences in the amount of DNA between
spermatozoa bearing the X and Y chromosomes (Garner 2001;
Garner et al. 2013). In addition, the evaluation of DNA quality

2



www.publish.csiro.au/rd

Reproduction, Fertility and Development 36 (2024) RD23212

using flow cytometry was one of its first applications in
andrology (Evenson et al. 1999, 2002; Evenson and Jost
2001; Love 2005; Evenson and Wixon 2006, 2008; Evenson
2013, 2016, 2022). Later, flow cytometry assays to evaluate
the integrity of sperm membranes (Garner et al. 1994, 1996;
Garner and Johnson 1995; Grundler et al. 2004; Niu et al.
2011), acrosomal integrity (Odhiambo et al. 2011), mitochon-
drial function (Garner and Thomas 1999; Gravance et al.
2000), and oxidative stress (Pena and Gibb 2022) were
developed. New probes were designed, and at the same time,
more sophisticated flow cytometers allowed the application
of multicolour panels. Nowadays, complex multiparametric/
multicolour flow cytometry protocols are applied in andrology
(Gallardo Bolanos et al. 2014; Ortega-Ferrusola et al. 2017;
Gonzalez-Castro et al. 2022, 2023; Pena 2023; Umair et al.
2023). In this context, a cautious and well-informed selection
of probes is mandatory, not only to minimise spectral overlap
but also to avoid misinterpretation of data (Escada-Rebelo
et al. 2020).

Furthermore, the identification of the populations of interest
and what parameters to evaluate (percentages of positive,
dim, and bright populations, or median fluorescence
intensities) should be part of the experimental design.
These multiparametric protocols allow the simultaneous
evaluation of different compartments and functions of the
spermatozoa in a large number of cells, thus providing high
statistical power. Flow cytometry may act as a ‘cell painting’
protocol (Bray et al. 2016), meaning that numerous charac-
teristics can be simultaneously assessed in each individual
spermatozoon; for example, membrane integrity and different
changes in the membranes such as lipid disorder and/or
membrane permeability. This allows the identification of
novel criteria for the classification of live functional sperm,
likely being a powerful advance in the field (Barratt et al.
2022). In addition, other sperm compartments and functions
can be simultaneously assessed, like mitochondria. These
organelles have received growing interest from the scientific
community as the powerhouse of the spermatozoa, since at
least in stallions’ spermatozoa they constitute the main
source of ATP (Gibb et al. 2015; Davila et al. 2016; Medica
et al. 2022). The role of the mitochondria as regulators of
sperm lifespan constitutes another area of great interest in
spermatology, both in the fields of clinical andrology, and
sperm biotechnologies. Mitochondria are the main source
of reactive oxygen species (ROS) and act as a Ca®* reservoir,
together with the redundant nuclear envelope. Both Ca?* and
ROS act as signalling molecules in the spermatozoa (Spinelli
and Haigis 2018), but if homeostasis is lost, they accelerate
sperm demise. Flow cytometry allows the determination of
changes in Ca®*, Mg?*, Na*, K* Zn?*, and other ions with roles
in sperm function; moreover, this can be done in multicolour
panels in which relationships between ROS, ion, and the
integrity and or functionality of other compartments of the
spermatozoa can be revealed.

The use of flow cytometry to study sperm metabolism has
recently been developed. In this way key metabolic enzymes
can be detected in specific subpopulations of spermatozoa,
thus making it possible to establish ‘metabolic phenotypes’ of
different sperm subpopulations of spermatozoa (Martin-Cano
et al. 2023). Recently the presence of cholinergic enzymes in
the spermatozoa has been reported using flow cytometry
(Thakur et al. 2023). Multicolour flow cytometry has allowed
significant advances in the understanding of key functions of
the spermatozoa, among other findings, and has allowed us to
determine that only a small population of spermatozoa
experience capacitation (Escoffier et al. 2012, 2015).

Computational flow cytometry involves the use of self-
learning techniques for the analysis of flow cytometry data.
This approach recently allowed the discrimination of changes
induced by cryopreservation in the surviving population of
spermatozoa (Ortega-Ferrusola et al. 2017).

The reduced lifespan of cryopreserved spermatozoa in the
mare reproductive tract has been attributed to both capaci-
tative and apoptotic changes (Ortega-Ferrusola et al. 2008).
In our laboratory, we studied apoptotic and capacitative
markers using a wide battery of tests based on flow
cytometry in raw and frozen-thawed spermatozoa.

Apoptotic markers evaluated in our study were caspase
3 activity, externalisation of phosphatidylserine (PS), and
mitochondrial membrane potential. Markers of changes
resembling capacitation were membrane fluidity, tyrosine
phosphorylation, and intracellular Na®.

Conventional and computational flow cytometry using
nonlinear dimensionally reduction techniques (t-SNE) and
automatic classification of cellular expression by nonlinear
stochastic embedding (ACCENSE) were used. Most of the
changes induced by cryopreservation were apoptotic, with an
increase in caspase 3 activation, PS translocation to the outer
membrane, loss of mitochondrial membrane potential, and
increase in intracellular Nat. Average values for markers of
capacitative changes were not affected by cryopreservation;
however, the analysis of the phenotype of individual
spermatozoa using computational flow cytometry revealed
the presence of subpopulations of spermatozoa experiencing
capacitative changes.

In our laboratory, computational flow cytometry has
allowed us to discriminate between ‘good’ and ‘bad’ production
of ROS (Fig. 1) using the uniform manifold approximation and
projection (UMAP) algorithm (Becht et al. 2018) available on
the Cytobank® platform. The advantage of this self-learning
algorithm is that it provides the fastest run times, the highest
reproducibility, and the most meaningful organisation of cell
clusters (Becht et al. 2018). The intense dependence on
oxidative phosphorylation in the mitochondria, characteristic
of the stallion spermatozoa, causes high levels of production
of O5*~ by active mitochondria as a consequence. Other
sources of ROS can be present, and despite the difficulties
of using traditional flow cytometry to distinguish between
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Self-learning algorithm (UMAP) applied to the analysis of a multiparametric panel simultaneously studying viability, production of

ROS (superoxide anion), and mitochondrial membrane potential (J/C-1assay). The UMAP algorithm classifies every individual spermatozoon in
the sample, creating clusters of cells that are phenotypically very similar to each other. In this case on the Z axis, the fluorescence intensity for
each colour is presented, from left to right, Cellrox (ROS), JC-1 aggregates (high mitochondrial membrane potential), JC-1 monomers (low
mitochondrial membrane potential), and live/dead violet (viability probe). Production of O,* can be seen in the area of high mitochondrial
membrane potential (a), however, it is also clear that not all spermatozoa showing mitochondria with high mitochondrial potential produce high
amounts of ROS (b). On the other hand, the production of ROS unrelated to mitochondrial activity is also evident (*red dotted encircled areas).

them, computational flow cytometry provides a rapid means
to identify both types of ROS (Fig. 1).

The utility of computational flow cytometry is well
recognised in many areas of biology and medicine (Saeys
et al. 2016; Duetz et al. 2020, 2021; Rubbens and Props 2021;
Giudice et al. 2023; Nguyen et al. 2023) and is now starting to
be used in spermatology. The progressive introduction of
multi-laser flow cytometers, increased availability of probes,
and specific software such as FlowJo (https://www.flowjo.
com/solutions/flowjo) and Cytobank (https://premium.
cytobank.org/cytobank/login), facilitate the introduction of
Al into analysis of the ejaculate. This will permit objective
analysis of large datasets obtained from multicolour flow
cytometry on millions of spermatozoa, which will likely

improve our understanding of the biology of the spermatozoa,
the basis of male infertility, and if appropriate field trials are
conducted, will enormously improve the estimation of field
fertility in domestic species.

The omics revolution

Flow cytometry can be considered the first technology that
permitted the measurement of multiple parameters in single
cells (cytomics). After the appearance of this technology,
numerous omics disciplines have been developed, including
genomics, transcriptomics, epigenomics, proteomics,
metabolomics, glycomics, and lipidomics (Chu et al. 2006;
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Argelaguet et al. 2019; Schaum et al. 2020; Lomakin et al.
2022; Arutyunyan et al. 2023). Most of these technologies
are now evolving to single-cell technologies and are allowing
unprecedented and very rapid advances in most fields of cell
biology and medicine (Yao et al. 2021; Greenbaum et al. 2023,;
Xu et al. 2023). Analysis of the information obtained requires
the use of advanced biostatistics and benefits from Al
techniques (Santorsola and Lescai 2023). The spermatozoa
are cells that are very well suited to the use of these technolo-
gies, because they are cells in suspension and very easy to
isolate. In the spermatology field, there are numerous studies
applying different omics to the spermatozoa, including
lipidomics (Macias Garcia et al. 2011a, 2011b; Aurich et al.
2018), proteomics (Gaitskell-Phillips et al. 2020, 2021la,
2021b; Martin-Cano et al. 2020; Ramal-Sanchez et al. 2020;
Gacem et al. 2023), phosphoproteomics (Gaitskell-Phillips
et al. 2023), metabolomics (Ortiz-Rodriguez et al. 2020;
Hughes et al. 2023; Mateo-Otero et al. 2023), glycomics,
mi-RNAomics, transcriptomics, epigenomics, as well as
integration of all omics (Llavanera et al. 2022; Wagner et al.
2023). Not all these ‘omics’ have yet been applied to the study
of the stallion spermatozoa; however, studies conducted in
proteomics, lipidomics, and metabolomics have provided a
significant amount of useful new information on the biology
of the stallion spermatozoa. What the authors believe to be the
first proteomic study conducted in stallions was by a research
group at the University of Newcastle, Australia (Swegen et al.
2015), and subsequently further studies have been conducted,
both in spermatozoa (Griffin et al. 2020; Martin-Cano et al.
2020; Gaitskell-Phillips et al. 2021a, 2021b, 2022, 2023)
and seminal plasma (Gaitskell-Phillips et al. 2020). Overall,
these studies have disclosed important aspects of sperm
metabolism, such as the predominance of the mitochondria,
and the plasticity of sperm metabolism. Also, the disclosure
of biomarkers in seminal plasma to identify ejaculates that
need the removal of seminal plasma for conservation by
refrigeration has been possible. Moreover, proteomics has
expanded our knowledge of the link between metabolism
and redox regulation and the molecular damage induced by
sperm technologies. It is noteworthy that all these omics
technologies generate a huge output of data, with more than
6000 proteins identified so far in the human spermatozoa
(Castillo et al. 2023). This high data output requires the use
of well-designed experiments and cautious data mining to
obtain the most meaningful and useful information readily
applicable to practice. A recent study in humans demonstrates
the efficacy of this approach, identifying mitochondrial
proteins as essential factors for successful fertilisation
(Torra-Massana et al. 2021). In stallion andrology, we still
have a long way to go; however, if we design valid experi-
ments and correctly analyse the omics data obtained, new
clinically useful information can easily be gathered (Griffin
et al. 2019). Identification of genetic traits associated with
low sperm quality and stallion infertility identifies the molecular
basis of poor reproductive performance in stallions

(Janecka et al. 2018; Ghosh et al. 2020; Castaneda et al.
2021). Interestingly, as an example, GeneCards (https://www.
genecards.org/Search/Keyword?queryString=asthenospermia
&pageSize=500&startPage=0) identifies 223 protein-coding,
five microRNAs, and one mitochondrially encoded TRNA-His
(CAU/C) associated with asthenospermia in humans. Identifi-
cation of these genetic defects will allow the identification of
the etiology of the diagnosed fertility problem and thus shall
facilitate proper treatment and/or prevention.

On-farm tests, fixable flow cytometry dyes, and
telemedicine

Portable systems to perform CASA analysis are now available,
such as iSperm or Androscope. The iSperm device (Dini et al.
2019) allows computerised sperm analysis to be performed on
the farm. This device has recently been used as part of the
sperm assessment in a study to predict stallion fertility under
field conditions with promising results (Aitken et al. 2023).
Moreover, another study finds that this device provides
results comparable to more sophisticated CASA systems,
making the iSperm a reliable and useful instrument for
on-farm sperm analysis (Dini et al. 2019). This will also
facilitate the conduction of large field trials, involving high
numbers of stallions, that may advance our understanding
of the relation among sperm motility, velocity, and other
characteristics of sperm kinematics and field fertility. Another
recent development that could be especially helpful for the
practitioner is the development of fixable flow cytometry
probes (Pena et al. 2018). With the help of a portable mini
centrifuge, the clinician can stain a sperm sample on the farm
that can be fixed and submitted to the laboratory for flow
cytometry analysis. In addition, on-farm tests for the assess-
ment of sperm quality based on the detection of specific
proteins are already available (Carracedo et al. 2022). Protocols
including the simultaneous evaluation of the membranes and
mitochondria have been developed (Pena et al. 2018). The
combination of the on-farm CASA motility tests together
with the analysis of on-farm stained and fixed samples for
flow cytometry may provide robust information for the
practitioner and the equine scientist. As we are progressively
entering the era of telemedicine, smartphones and tablets that
have applications able to analyse sperm motility based on
captured videos that are uploaded to a cloud, and then
analysed using Al, are already available (Tsai et al. 2020). This
system is designed for humans and provides just a score of the
total motility of the sample; however, portable systems to
record motility on farms, combined with Al in the cloud,
are likely to be available soon.

Conclusions

The advances in the comprehension of the biology of the
stallion spermatozoa that have occurred in the last decade
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have been due mostly to the use of new technologies that
generate big data, such as advanced flow cytometry and the
use of different omics. Furthermore, the revolution of infor-
matics with faster internet networks will expand telediagnosis
in veterinary andrology. Undoubtedly, these technologies will
impact our understanding of sperm function and will improve
the diagnosis and treatment of infertility in stallions and all
sperm technologies. Standardisation of the procedures of
data acquisition and analysis are of paramount importance
to obtain repeatable data that can be readily useful in the
clinical settings.
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