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Introduction

Artificial insemination (Al) is the most widely implemented
reproductive technique in livestock and is now considered a gateway
technology essential for the implementation of other reproductive
technologies, such as sex-sorted (SS) semen, multiple ovulation, and
embryo transfer. The widespread use of Al means that thousands of
females can be inseminated each season with semen from sires with
high genetic merit for traits of economic, social, and environmental
importance. Given the high usage of some sires, the fertility of a
single bull can have major consequences on the fertility of a herd,
highlighting the importance of reliable methods to predict fertility
before semen is released into the field. Nevertheless, despite the
preselection of elite bulls and semen quality control checks performed
at the Al centers on each processed ejaculate, significant variation in
field fertility persists, with pregnancy rates differing by up to 20%
points between the highest and lowest fertility bulls [1].

Bull ejaculates are highly heterogeneous, containing billions
of sperm, which can be characterized by differences in motility,
morphology, DNA integrity, and sensitivity to signaling molecules
[2]. This variability has enabled the identification and characterization
of sperm subpopulations (SSPs) through computer-assisted sperm
analysis (CASA) [3], flow cytometry [4], as well as biochemical
(described in humans [5]) and molecular markers [6], to name but
a few. Currently, sperm analyses largely rely on average values of
the whole ejaculate, neglecting the evaluation of SSPs. Given the
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Abstract. The variability observed in bull field fertility cannot be fully explained by conventional semen analysis.
Work by our group and others has shown that ejaculates are highly heterogeneous and contain distinct sperm
subpopulations (SSPs) that differ in motility, functionality, and susceptibility to processes such as cryopreservation,
with recent evidence indicating differential interactions within the female reproductive tract (FRT). Therefore,
these SSPs have the potential to influence sperm survival and the uterine and oviductal environments, which not
only influence fertilization but also early embryo development success. This review discusses key sperm-related
processes within the FRT, including molecular changes, penetration into the uterine glands, sperm reservoir
formation, and, in particular, the role of the immune response and endometrial priming in fertility. Comparative
studies between high- and low-fertility bulls offer valuable models for the investigation of the mechanisms behind
fertility variation, providing indications of the relevance of some SSPs. By summarizing the existing knowledge on
SSPs, this review aims to provide a framework for understanding sperm behavior within the FRT and highlights the
need to better understand sperm heterogeneity and its role in successful pregnancy establishment.
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variability in the parameters defining these subpopulations and the
differences in their distribution between bulls [3, 7], the analysis
of SSPs could provide a complementary approach to better capture
functionally relevant sperm traits and improve the assessment of
male fertility. Beyond the heterogeneity of freshly ejaculated sperm
cells, additional molecular and physiological changes occur during
processing and sperm transit through the female reproductive tract
(FRT) that can influence the pregnancy outcome.

The FRT plays several roles to support successful fertilization
and embryo development. Besides serving as a conduit for sperm to
move through, it exerts an intense selection to restrict the number of
sperm that reach the site of fertilization, ensuring a low sperm:oocyte
ratio [8] while promoting the survival of a competent subpopulation
until ovulation occurs [9]. Notwithstanding that fertilization can
occur in vitro and these in vitro-derived embryos can implant in
a uterus that has not been exposed to sperm, it has recently been
shown that sperm elicit an immune response in the FRT, which not
only supports fertilization [10] but also embryo development [11,
12]. There are complex interactions between sperm and the female
tract involving epithelial cells, region-specific fluids, the immune
response, and extracellular vesicles [10], amongst others. These
could at least partially explain the observed differences in efficiency
and quality between in vivo and in vitro embryo production [13].

This review provides an overview of current knowledge on sperm
heterogeneity, focusing on the various sperm subpopulations and
their interactions with the FRT, aiming to better understand their
role in regulating fertility and to improve reproductive outcomes
in the bovine species.

Heterogeneity is everywhere

Assessment of bull-to-bull variation in field fertility
The field fertility of Al bulls is typically assessed by tracking
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Fig. 1. Distribution of the fertility of individual bulls based on calving rate. Histogram showing the fertility distribution of individual Holstein-Frisian bulls
(n=426), expressed as a deviation in percentage points from the population mean. Each sire had more than 1000 inseminations (total of 4.0 million
inseminations). Most sires (~82%) fall within + 1SD (£3.1%) of the mean; those sires above that value are considered high-fertility, whereas those

below are considered low-fertility bulls.

insemination outcomes in the field and using statistical models that
estimate the probability of conception after a given insemination.
One internationally used model is the Sire Conception Rate (SCR),
which reflects a sire’s deviation from the population mean, set at
zero [14]. Usually, these SCR models are adjusted for factors such
as Al technician, herd, cow parity, days in milk, age, type of semen
(fresh, frozen, SS), price of the semen straw, and cow genotype [1,
15]. In some countries, such as the USA, the SCR is only made
publicly available once more than 300 inseminations have been
performed [16], reflecting the large sample sizes required for reliable
estimates, as around data from 1000 inseminations are needed to
estimate pregnancy rates with a £2.4% precision (CI =90%) [17].
The same study outlines that the SCR of 90% of the bulls used for
Al falls within 3% of the population’s mean, which is in agreement
with a recent evaluation of 4.0 million inseminations across 426
Holstein-Friesian bulls used in Ireland, each with more than 1000
inseminations (Fig. 1). Bulls within +£3% of the population mean
calving rate should be considered equivalent in terms of fertility,
as it is difficult to control for the many factors at play, such as herd,
environment, binomial variation, or measurement errors. It is only
when bulls fall outside of this range that they should be classified
as having high or low field fertility. A further point to note is that
evaluations are normally done at the bull level, as ejaculate/batch
is typically not tracked in the field, and there are only a few studies
that have detailed the ejaculate-to-ejaculate variation in field fertility
[18], despite significant variation between ejaculates in semen quality
following cryopreservation [19].

Cryopreservation amplifies sperm heterogeneity and bull-to-
bull fertility differences

Bulls differ in their inherent field fertility, and these differences
are observed in both fresh and frozen semen. For this reason, post-
thaw quality control checks are performed on ejaculates before
releasing them into the field. The type and extent of these quality
controls, including parameters such as motility, morphology, viability,

acrosomal integrity, and DNA fragmentation [20], may differ between
Al centers; however, they allow for the identification of functional
subpopulations and enable the exclusion of those ejaculates that do
not meet quality standards. During cryopreservation, sperm undergo
modifications in the plasma membrane, often accompanied by an
augmented acrosomal reaction and compromised DNA integrity,
among other changes [21, 22], affecting the dynamics of the SSPs [3,
4]. These alterations result in a differential response to cryopreserva-
tion among bulls in non-return rates (NRR), as illustrated in Fig.
2, where despite using sperm numbers above compensable levels,
some bulls yield significantly higher NRR with fresh and others with
frozen-thawed semen. While there is some reranking of the bull’s
fertility depending on the type of semen used, it has been shown
that when the sperm number per insemination dose is reduced to
suboptimal levels, NRRs decline markedly for some bulls with
frozen semen, whereas with fresh semen, only minor, non-significant
reductions are observed [23]. This illustrates how bulls vary in their
susceptibility to cryopreservation, which is more evident when sperm
numbers are limiting. It is then that the contribution of SSPs, including
those of seemingly normal sperm and those with compensable or
uncompensable defects, becomes apparent. Compensable defects
prevent sperm from reaching or fertilizing the oocyte and can be
overcome by increasing the number of sperm per insemination
dose, whereas uncompensable defects, such as DNA fragmentation,
hinder the fertilization process or embryo development and cannot
be compensated for [17, 24].

Capacitation rates differ among bulls

Sperm capacitation involves a series of physiological and biochemi-
cal changes, including increased membrane fluidity, cholesterol efflux
from the plasma membrane, loss of membrane proteins, and calcium
influx [25, 26]. These modifications induce sperm hyperactivation
and prepare them for the acrosome reaction [27]. Capacitation is
a time-dependent process, and in rabbits, it has been suggested
that some males produce sperm that are either more capacitated at
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Fig. 2. Bull-to-bull and within-bull variation in non-return rates following insemination using frozen-thawed (15 million sperm per dose) and fresh (5 million
sperm per dose) semen from the same bulls over a 3-month season in Ireland. Non-return rates after insemination with semen from 16 Holstein-
Frisian bulls are shown for fresh semen (green circles; total of 31,000 inseminations) or frozen semen (blue diamonds; 43,000 inseminations)
semen. The minimum number of inseminations per bull was 550 with fresh semen and 800 for frozen semen. Significant differences between fresh
and frozen semen within the same bull are represented with asterisks: * P < 0.05. ** P < 0.001. Statistical analysis revealed a bull effect (P < 0.01),
a bull x semen type interaction (P < 0.01), but no overall effect of semen type, on non-return rates (adapted from Fair and Lonergan [1]).

ejaculation or are capable of completing capacitation faster than
those from other males [28]. Indeed, there is variability between
bulls also in their ability to undergo capacitation: the assessment
of ejaculates from high-, average-, and low-fertility bulls under
capacitating conditions (using heparin) up to 24 h post-thawing [29],
demonstrated that high and average-field fertility bulls maintain
a greater proportion of viable sperm and appear to have a more
efficient progression through capacitation than low-fertility bulls,
by initiating capacitation earlier and sustaining it better over time,
whereas low-fertility bulls show reduced capacitation and faster
decreases in viability [29]. Low field fertility bulls have also been
shown to be more susceptible to cryocapacitation [30], with in vitro
analyses revealing that semen from some, but not all, subfertile
bulls exhibited higher percentages of acrosome-reacted sperm after
thawing, and reduced oocyte penetration [31].

Despite being considered transcriptionally and translationally
inactive, sperm have been recently shown to synthesize sperm-
associated proteins in their heads during capacitation [32], which
are essential for acrosome formation and oocyte fusion (described
in mice [33, 34]). Sperm from normal-fertility bulls display these
proteins in the acrosome region during early capacitation, whereas
sperm from bulls with reduced fertility exhibit patterns typical of late
capacitation [32], reinforcing the concept that there is an asynchrony
in sperm maturation in low-fertility bulls. Although some of these
observations may seem contradictory, they indicate that a balanced
and sustained capacitation is needed for optimal fertility outcomes.
Both an insufficient number of sperm capable of capacitating and
an increased proportion of prematurely capacitated sperm after
thawing that cannot be maintained over time can have detrimental
effects on fertility. High-fertility bulls’ sperm seem to navigate these
changes more effectively, as they have higher membrane fluidity and

a higher proportion of hyperactivated [35] and acrosome-reacted
[36] sperm under capacitating conditions. This is in contrast to
sperm from low-fertility bulls, which have an impaired ability for
membrane remodeling and hyperactivation when induced in vitro
[35], show signs of premature capacitation following cryopreservation
[31], inferior viability [37], and lower calcium regulation [36], all
of which may impact their progression through the capacitation
process. Interestingly, differentially abundant proteins between
high- and low-fertility Irish bulls have been recently identified by
our group, and using machine learning approaches, an independent
population of Danish bulls was classified as high- or low-fertility
with 94% accuracy [38]. The biomarkers that were more abundant
in high-fertility bulls were mainly associated with sperm motility
and axoneme assembly. The only misclassification involved one bull
belonging to the lower end of the high-fertility group, which was
assigned to the low-fertility category. These results suggest that the
flagellum’s functional competence is critical for optimal fertility.

Kinematic sperm subpopulations and links to fertility

Multiple techniques have been used to assess sperm heterogene-
ity in an ejaculate, with a particular emphasis on kinematics [39],
but also on morphology [40], and functionality [4], resulting in
the characterization of SSPs; however, their relevance in fertility
remains uncertain. CASA has allowed the identification of motile
sperm subpopulations, with the trend across studies being the pres-
ence of four motile SSPs in bull semen, typically characterized
as: 1. Non-progressive and poorly motile; 2. Moderately slow but
progressive; 3. Highly active and progressive; and 4. Highly active
but non-progressive, considered to have a “hyperactivated-like”
movement [41-43]. While sperm motility has been associated with
field fertility [44], studies suggest that fast and progressive [3], as well
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Fig. 3. Representation of the bovine female reproductive tract illustrating key sperm transport and interactions within the tract following artificial
insemination (AI). During Al, sperm are deposited in the uterine body, where uterine contractions propel sperm toward the oviduct. Other sperm are
phagocytised or lost in the retrograde flow. Motile sperm can enter the uterine glands, triggering a pro-inflammatory response, partly mediated by
TLR2, leading to the infiltration of polymorphonuclear neutrophils into the uterus and thus, sperm phagocytosis. This clears the uterus from excess
sperm and pathogens, and primes the endometrium for future embryo implantation and development. In the oviduct, an anti-inflammatory response
is promoted. Viable, uncapacitated, acrosome-intact sperm bind to oviductal epithelial cells, creating the sperm reservoirs. Sperm will alter the
oviductal transcriptome and proteome. The uterotubal junction serves as a sperm reservoir and regulates sperm passage to the isthmus, which is the
primary sperm reservoir and where capacitation and sperm release mainly occur. The ampulla also acts as a sperm reservoir and constitutes the site

of fertilization. Illustration is not to scale.

as “hyperactivated-like” sperm [4], may be important contributors
to reproductive success, as these subpopulations have been linked
to improved sperm-oocyte interactions in vitro, including zona
pellucida binding, penetration rate, and pronucleus formation [45],
higher embryo yield following in vitro embryo production [43], and
improved NRRs [4] and pregnancy rates [46]. These observations
support the concept that certain SSPs are relevant for fertilization
and early embryo development. Additionally, the integration of
flow cytometry and CASA data have shown that, prior to freezing,
sperm with high velocity and lower linearity exhibit the strongest
correlation with plasma membrane and acrosome integrity, viability,
and a high mitochondrial membrane potential [4], linking kinematics
with quality variables. However, prediction models utilizing multiple
regression analysis of flow cytometry and CASA data have only been
able to explain 40 to 50% of the variation in bull fertility [18, 47].

Navigating the female reproductive tract: sperm
transport, interactions, and subpopulation
dynamics

Figure 3 illustrates the journey of sperm through the FRT, focusing
on the principal interactions and the main changes sperm undergo
following Al. Abnormal, damaged, and prematurely capacitated
spermatozoa are preferentially removed in the uterus by polymor-
phonuclear neutrophils (PMNs) or retrograde flow [2, 48], whereas

more competent sperm reach the uterotubal junction, where passage
is largely dependent on normal motility (reported in rats [49]).
Studies in mice indicate a preferential passage of sperm with lower
DNA fragmentation [50] and the surface expression of specific
membrane proteins, such as fertilin 3 or calmegin [51]. As a result,
only a smaller number of sperm reach the oviduct. While SSPs have
been well characterized, relatively few studies have investigated
their interaction with the FRT. Most of the evidence focuses on
hyperactivated sperm, with additional observations regarding im-
motile, damaged, or capacitated sperm, which are discussed in
the following sections. Nonetheless, the roles of other kinematic
subpopulations, such as poorly motile, slow but progressive, or highly
active and progressive, remain unclear. Although speculative, these
subpopulations may contribute to FRT interactions by serving as
targets for PMNss, influencing sperm transport, or modulating local
signaling in the uterus or oviduct, but their functional significance
warrants further investigation.

Sperm trigger an immune response in the uterus

Sperm are immunogenic in the uterus, eliciting an immune response
at both the gene and protein levels [52]. This transient innate immune
response leads to the infiltration of PMNs and peaks approximately
6 h after AI [53]. PMNs can either phagocytize sperm directly or
entrap them in neutrophil extracellular traps (NETs) [54]. At least in
cattle, activation of this immune response seems to be mediated partly
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by Toll-like receptor (TLR) signaling, particularly TLR2 [55], with
the TLR2/1 heterodimer representing the primary signaling pathway
[56]. This activation involves the upregulation of proinflammatory
cytokines such as Interleukin 8 (IL8), Tumor Necrosis Factor Alpha
(TNFA), and Interleukin 1 Beta (IL1B) [57], which would suggest
that a controlled immune response is beneficial for uterine clearance
from excess of sperm and pathogens, and for endometrial priming
for future embryo implantation. Sperm interactions with the uterine
glands are an important step in this process: Scanning electron
microscopy of uterine explants has shown that motile sperm glide over
the endometrial surface and enter uterine glands, where they attach
and trigger the immune cascade in the uterus [57, 58]. Sperm-TLR2
activation promotes hyperactivation [59], which in turn increases
mucus and uterine glands penetration and enhances the immune
response [58]. It has been suggested that these hyperactivated sperm
will not be able to reach the oviduct, since they are exposed to the
PMNS5s’ attack inside the glands [57], but will instead trigger a mild
and transient inflammatory response, partially via TLR2, which
will allow uterine clearance and priming without causing damage
to the endometrium, which is essential for embryo implantation [55,
58]. Indeed, moderate uterine inflammation has been associated
with higher conception rates in cattle, where cows with moderate
PMN count (0-15%) in the endometrium 4 h after Al had higher
first-service conception rates than those with no inflammation (0%)
or high inflammation (> 15%) [60].

Immotile sperm do not enter the uterine glands or trigger the
inflammatory response, at least not when assessed using an ex vivo
endometrial explant model [57], nor do they induce detectable
proinflammatory responses in blood PMNs and peripheral blood
mononuclear cells [53], whereas active sperm do. Moreover, when
co-incubating PMNs with thawed sperm, viable sperm were also
the most potent inducers of NETs; however, NETs were also gener-
ated at a lower level by capacitated sperm and sperm with loss of
viability or oxidative stress, with differences observed between
these subpopulations in the types of NETs produced [61]. These
viable sperm were the ones capable of quickly activating PMNs
and triggering NET formation, whereas the other subpopulations,
namely capacitated and non-viable or oxidatively stressed sperm,
generated NETs at a later stage [61], likely due to the release of
damage-associated molecular patterns (DAMPs), which can interact
with TLRs and enhance NET formation [62]. These results suggest
that damaged sperm may contribute to the immune response, but in
a more delayed and indirect manner.

Work by our group has demonstrated how sperm from high- and
low-fertility bulls differ in the uterine immune response they elicit.
Heifers inseminated with frozen-thawed sperm from high-fertility
bulls, had an upregulation of endometrial genes associated with
the inflammatory response 12 h after insemination, and this was
accompanied by an increase in the inflammatory mediator Interleukin-1
alpha, confirmed by immunohistochemistry [11]. This suggests that
sperm from high-fertility bulls are more effective than those from
low-fertility bulls at clearing and priming the endometrium for embryo
implantation and development, as a result of the immune response
they elicit. Indeed, embryos collected on Day 7 from superovulated
heifers inseminated with semen from the same cohort of high-fertility
bulls were at a more advanced stage of development, and conceptus
survival to Day 15 was greater compared to low-fertility bulls [12].
This is aligned with work by others that has demonstrated greater
pregnancy loss between Days 19 and 33 when heifers were inseminated
with frozen-thawed semen from low-fertility bulls [63]. Additionally,
conceptuses recovered on Day 15 after embryo transfer, generated

via in vitro fertilization with semen from high- or low-fertility bulls,
elicited different transcriptomic responses in endometrial explants, with
conceptuses from high-fertility bulls exhibiting enriched pathways
related to the immune response and cell communication and signaling,
whereas those from low-fertility bulls were more focused on organelle
assembly and cilium organization [64]. Collectively, these findings
suggest that sire fertility not only influences embryo development
but also the endometrial response during the preimplantation period,
from Day 7 to Day 15 of pregnancy, a critical window for pregnancy
establishment. This is an area of ongoing work in our group.

The arrival of sperm alters the oviductal environment —
Balancing and evading the immune response

The arrival of sperm in the oviduct triggers transcriptional and
proteomic alterations in the oviductal environment [65, 66]. In porcine
in vitro models, sperm modify the secretory proteomic profile of
oviductal epithelial cells, including molecular chaperones and other
regulators of protein folding and stability, as well as antioxidant
proteins [65], and heat shock proteins such as HSP70. Exogenous heat
shock proteins can activate innate and adaptive immunity [67] and
exert protective effects [68, 69], suggesting that their release may play
arole in maintaining the viability and function of sperm in the oviduct.
Additionally, sperm influence oviductal redox pathways. Considering
the detrimental effects of excess reactive oxygen species on sperm
viability in the bull [70], these results reinforce the notion that sperm
create a more favorable environment for their own survival. In vivo
studies corroborate these observations, reporting altered oviductal
protein secretions in the presence of sperm, associated with sperm
maturation, viability, and function [66]. These include fibrinogen,
involved in the disposal of defective sperm in hamsters [71], and
complement C3, which supports sperm-oocyte binding [72] and early
embryonic development in humans [73]. Direct physical contact
between sperm and oviductal epithelial cells is not a requirement
to elicit these responses. In a bovine in vitro model, non-contact
co-culture induced a greater number of differentially expressed genes
than direct contact, affecting pathways associated with metabolism
and ovarian steroidogenesis, and indicating that sperm can release
signaling factors upon their arrival [74]. Extracellular vesicles (EVs)
appear to be key mediators in this communication. In the presence of
sperm, bovine oviductal epithelial cells increase EVs’ release and alter
their miRNA cargo, both in non-contact and direct contact co-culture
[75]. EVs are able to transfer molecules (i.e., PMCA4, a Ca?" efflux
pump), essential for sperm fertilizing ability, and stimulating sperm
hyperactivation and the acrosome reaction [76, 77]. Interestingly,
direct contact modifies miRNA pathways related to phagocytosis,
macroautophagy, tumour necrosis factor, and fibroblast growth factor,
as well as in placental development, whereas non-contact co-culture
enriches mRNA involved in immune regulation and suppression [75].
Finally, sex-specific alterations in the oviductal transcriptome have
also been detected in pigs, with Y-bearing sperm upregulating a larger
number of genes associated with signal transduction and the immune
system compared to X-bearing sperm [78]. Collectively, the evidence
demonstrates that sperm reshape the oviductal environment, even
without direct contact, to prime it for sperm survival and subsequent
embryo development.

In the oviduct, there is a unique regulation of immunity that balances
the need to protect it from pathogens while maintaining a favorable
environment for the survival of allogeneic sperm and semi-allogeneic
embryos [79]. In bovine, the binding of sperm to oviduct epithelial
cells enhances the production of anti-inflammatory mediators such
as interleukin 10 (IL-10), transforming growth factor beta (TGFp),
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and prostaglandin E2 (PGE2) [80]; protecting themselves against the
immune response in order to extend their lifespan and increase the
chances of successful fertilization. f-Defensins, identified as potential
modulators of fertility [81, 82], are peptides with antimicrobial
properties that have been shown to have a role in sperm function,
immunoregulation, and immunoprotection [83]. They are expressed
in the male tract and coat ejaculated sperm in multiple species,
including bovines, rats, and mice [84,85], providing them with a net
negative charge and an ‘invisibility cloak’ allowing them to navigate
the cervix and its secretions, but are shed when sperm capacitate
in the oviducts [82, 83]. DEFB126 has been shown to protect the
entire surface of macaque sperm from immune recognition due
to the sialic acid moieties, which are responsible for the cloaking
characteristic [82]. Nevertheless, f-defensins are not limited to roles
in immune evasion, and variation between high- and low-fertility
bulls also exists at this level. This dynamic coating may contribute
to the functional heterogeneity observed among SSPs. For instance,
variation in DEFB103 influences sperm function and the uterine
response in low-fertility bulls. Low copy number is associated with
greater sperm motility and increased binding to the oviduct epithelium,
whereas high copy number enhances membrane fluidity in vitro [85].
Additionally, it has been demonstrated that BBD126 promotes sperm
motility in cattle [86] and that high-fertility bulls with a BBD126
haplotype exhibit enhanced binding to the oviductal epithelium [81],
which is essential for the formation of sperm reservoirs.

Sperm subpopulations and their interaction with the oviductal
reservoir

The isthmus is the primary sperm reservoir and sperm’s binding
affinity to the oviductal epithelium has been positively correlated
with field fertility [87, 88]. Here, sperm with intact acrosomes
and normal morphology are preferentially retained, as observed in
porcine [89], and motility is suppressed, allowing sperm fertility to
be retained in anticipation of ovulation [77, 90-92]. Different motility
subpopulations have been identified within the bovine oviductal
sperm reservoirs: Agile sperm, characterized by the active beating
of their tails, are the predominant subpopulation immediately after
the formation of the sperm reservoir, but their numbers decline over
time, while the numbers of lagging (reduced tail movement) and
immotile sperm increase. This decline over time also occurs with
hyperactivated sperm [90]. There are multiple hypotheses on how
sperm are released from the reservoir, but it appears that this process is
highly dependent on sperm hyperactivation, as mouse sperm deficient
in CatSper channels are unable to hyperactivate and do not detach
from the oviduct [93]. Considering that low-fertility bulls have an
impaired ability to hyperactivate [35], this raises the possibility that
a compromised detachment from the reservoirs may contribute to the
reduced fertility observed in these bulls. Additionally, in the oviduct,
sperm capacitation is promoted as part of their maturation, and these
changes in their plasma membrane could reduce their binding affinity
to the epithelium. Indeed, when bull sperm are capacitated, their
binding ability to oviductal explants is significantly reduced [94].
Therefore, premature capacitation may reduce the sperm’s lifespan
by decreasing their ability to bind, diminishing the total number of
competent sperm available for fertilization when ovulation occurs.

Application in the field: timing is everything
To maximize the probability of pregnancy, the timing of Al is

critical, as it must match the fertile lifespan of sperm with the limited
window of oocyte availability, which is ~8 h [95]. In naturally

cycling females, the AM:PM rule has long been recommended
for conventional (non SS) semen and is based on the principle of
inseminating the female in the evening when standing estrus is
detected in the morning, and in the morning when detected in the
evening [96], as ovulation is approximately 24 to 33 h after the onset
of estrus [95]. While this principle broadly holds, it is not always
applied. In grass-based systems, such as those in Ireland and New
Zealand, technicians often perform once-a-day inseminations due
to the time constraints caused by a highly concentrated breeding
season. Although both methods are effective in the field, higher
conception rates were reported when Al was completed 6-18 h
before ovulation, compared with earlier or later insemination intervals
[97]. The timing of Al appears to be particularly critical for certain
bulls. While high-fertility bulls maintained high conception rates
across a broad range of time, a drop in fertility was observed when
cows were inseminated during early and mid-estrus with semen
from lower-fertility bulls [98], suggesting a shorter lifespan for
sperm from low-fertility bulls. Furthermore, differences in the sperm
functional competence have been reported between these groups, with
sperm from low-fertility bulls exhibiting higher levels of oxidative
stress and DNA fragmentation [99], as well as lower viability and
acrosome integrity [47] after thawing, compared to high-fertility
bulls. These differences reinforce the hypothesis of a reduced lifespan
and provide insights into potential causes. Figure 4 illustrates the
possible impact of low-fertility bulls on fertilization outcomes when
a once-a-day Al schedule, instead of the AM:PM rule, is applied.
Under once-a-day insemination, some heifers are inseminated near
estrus onset, requiring sperm to survive for longer in the FRT; if the
sperm have a reduced lifespan, their chances of remaining viable
until the oocyte is available are, therefore, diminished. Additional
evidence supports this notion, indicating that some bulls need to be
inseminated closer to ovulation, whereas others maintain optimal
pregnancy rates over a wider time window [100].

When comparing fertilization rates after natural service and Al
at 0 h or 12 h from the onset of estrus, natural service achieved
the highest rates, while Al at 0 h had the lowest [101]. Although
multiple factors may contribute to this difference, one aspect is
particularly relevant: the type of semen (fresh vs. frozen). Fresh
semen yielded better pregnancy rates than frozen semen when cows
were inseminated close to the end of estrus (within Sh before the
end), whereas frozen semen performed better than fresh when Al
was done later, 13—18 h after estrus [102], while our data showed no
overall effect under commercial conditions (Fig. 2). Therefore, the
cryopreservation process can shift the optimal window for fertilization.
Besides cryopreservation, sex-sorting is also a source of stress for
sperm, and the timing of Al appears to be of relevance, likely due to
the additional handling, which can damage the cells and reduce their
lifespan in the FRT [103]. Most studies report an improvement in
fertility when insemination of frozen-thawed SS sperm is performed
closer to ovulation [104, 105]. For example, in beef heifers, delaying
Al to 28 h after estrus onset improved pregnancy rates [104], while
in contrast, in lactating dairy cows, recent evidence indicates that the
optimal timing does not differ between conventional and SS semen
when Al is done 13 to 23 h after the onset of estrus [106]. After
timed Al no differences were reported between SS insemination at
16 h or 22 h following the second GnRH injection, and generally,
pregnancy rates were lower than those achieved with conventional
semen [107]. Variation in fertility among bulls was also reported
to be greater for SS semen compared to conventional semen [108],
with some bulls able to achieve comparable results at 22 h to those
obtained with conventional semen, although that was not the case for
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Fig. 4. Representation of sperm availability in the oviducts (in green) and alignment with estrus onset and oocyte viability (top panel) following artificial
insemination using the AM:PM rule (middle two panels) or once-a-day insemination (lower two panels). The timing challenge observed with the
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when ovulation occurs (~28 h after estrus onset).

the majority of sires [107]. It is clear that multiple factors contribute
to the variability observed in field fertility, and identifying strategies
to mitigate some of this variation would be advantageous.

Heterospermic semen: Maximizing sperm
subpopulations to manage reproductive
variability

Heterospermic semen refers to the pooling of semen from two
or more bulls into a single straw. Due to the increased usage of
SS X semen on dairy cows for herd replacements, conventional
(non-sorted) beef semen usage has also increased for dairy cows
not intended for replacements [ 109]. However, heterospermic semen
is emerging for this last category of cows, with a 77.15% increase
in usage from 2023 to 2024 (1.35 M to 2.40 M units) in the USA
domestic market [110]. No differences were reported in post-thaw
total or progressive motility between homospermic (also known as
conventional semen) and heterospermic semen from split ejaculates
[111]; however, an increased proportion of capacitated cells was
observed in vitro in mice when a situation of competition between
sperm from rival males was created [112]. Since bulls also differ
in their capacitation rates [29], an increase in the proportion of

mature and competent sperm could improve fertility outcomes.
Heterospermic semen’s impact on in vitro embryo production has
recently been evaluated, resulting in significantly higher cleavage
and blastocyst rates compared to homospermic semen from the same
bulls [113]. This indicates that combining ejaculates from different
bulls can compensate for the reduced reproductive performance of
individual bulls, thereby reducing variability in fertility outcomes.
This is supported by reports indicating higher conception rates as
well as a more consistent performance across seasons and farms
[114]. Moreover, when fresh semen from individual bulls was SS
and subsequently pooled, the heterospermic semen outperformed the
average of the individual bulls [115]. In fact, it tended to perform
similarly to the best bull in the mix, and overall heterospermic
frozen sexed semen showed similar performance to conventional
frozen semen [115].

The rationale for using heterospermic semen is that, by combin-
ing the ejaculates of different sires, a broader and more balanced
distribution of SSPs is generated, and the best reproductive attributes
of each bull are captured, compensating for potential weaknesses of
another, whether these are day-to-day fluctuations in semen quality,
differential susceptibility to processing, or inherent fertility differences
(as reviewed by [116]). Although more research is needed to clarify
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how heterospermic semen interacts with the FRT, current evidence
indicates that it has the potential to reduce variability in pregnancy
rates and improve reproductive efficiency.

Conclusion

This review highlights the heterogeneity and variability in bull
fertility, examining the different SSPs and their potential roles in the
FRT, which extend beyond the interaction and fertilization of the
oocyte. However, their functional relevance remains to be elucidated,
and how they respond to processes such as cryopreservation and
sex-sorting has yet to be fully characterized. Investigating how these
subpopulations interact with the FRT can help us understand the
mechanisms by which sperm that are not involved in fertilization
still play an important role in pregnancy establishment. Addressing
these gaps will help enhance semen quality control checks, improve
processing protocols, and optimize the timing of Al for different
semen products. Innovative research approaches are also needed to
understand the implications of these SSPs on fertilization success,
embryo development, and implantation.
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