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Centrioles are subcellular organelles essential for normal cell function and development; they form the cell’s centrosome (a major cytoplasmic microtubule organization center) and cilium (a sensory and motile hair-like cellular extension). Centrioles with evolutionarily conserved characteristics are found in most animal cell types but are absent in egg cells and exhibit unexpectedly high structural, compositional, and functional diversity in sperm cells. As a result, the centriole’s precise role in fertility and early embryo development is unclear. The centrioles are found in the spermatozoan neck, a strategic location connecting two central functional units: the tail, which propels the sperm to the egg and the head, which holds the paternal genetic material. The spermatozoan neck is an ideal site for evolutionary innovation as it can control tail movement pre-fertilization and the male pronucleus’ behavior post-fertilization. We propose that human, bovine, and most other mammals–which exhibit ancestral centriole-dependent reproduction and two spermatozoan centrioles, where one canonical centriole is maintained, and one atypical centriole is formed–adapted extensive species-specific centriolar features. As a result, these centrioles have a high post-fertilization malfunction rate, resulting in aneuploidy, and miscarriages. In contrast, house mice evolved centriole-independent reproduction, losing the spermatozoan centrioles and overcoming a mechanism that causes miscarriages.
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Introduction
Miscarriage is a complex disease involving multiple factors in the sperm, egg, embryo, and uterus (Carbonnel et al., 2021; Klimczak et al., 2021; Thomas et al., 2021; Brandt et al., 2022; So et al., 2022). Here, we focus on the sperm centriole, a factor that has reemerged in the field of reproductive biology as a critical factor post-fertilization. Centrioles were discovered by studying reproduction in the late 19th century; still, the centriole’s precise role in reproduction has proven to be a mystery (Scheer, 2014; Avidor-Reiss et al., 2020). It became evident early on that many dividing cell types require exactly two centrioles per cell, and having less or more results in abnormal or dead daughter cells (Delattre and Gönczy, 2004). The centriole’s classical role is nucleating the centrosome, which acts as the dominant microtubule organization center and was characterized during the 20th century (Azimzadeh et al., 2004). However, their role remained enigmatic, as centrioles were absent in many eukaryotic life forms, such as higher plants (Wheatley, 1982; Marshall, 2009; Carvalho-Santos et al., 2010; Hodges et al., 2010). Additionally, centrosome-like structures that organize cytoplasmic microtubules can form in the absence of centrioles, as seen in yeast spindle pole bodies (SPBs), and amoebozoan nucleus-associated bodies (NABs) (Gräf, 2018). Not until the turn of the 20th century did it become evident that most of our body’s cells have an essential primary cilium (Rosenbaum and Witman, 2002). Cilium nucleation represents the ancestral role of centrioles, which requires the centriole to have its distinctive design, as it serves a structural template for the cilium axoneme (Avidor-Reiss, 2010; Avidor-Reiss et al., 2012). Only at the beginning of the 21st century were the molecular mechanisms of centriole duplication and their composition uncovered (Guichard et al., 2018; Winey and O'Toole, 2014), meaning that centrioles were the last classical sub-cellular structures with an unknown molecular assembly mechanism. We are now beginning to develop a detailed understanding of the function of the centriole’s individual components, though the precise role of centrioles in sperm, and early embryo development remains perplexing.
In this perspective, we will provide insight into the elusive reproductive functions of centrioles and offer a potential explanation as to why mice evolved centriole-independent reproduction. It is important to note that many other mechanisms function in the zygote and play a critical role in assuring normal embryonic development (Bury et al., 2016; Masset et al., 2021; Mitchell, 2022). Furthermore, in addition to the centrioles, there are many other differences between mice and humans during early embryogenesis, including the timing of embryonic genome activation (Niakan et al., 2012), and the role of the master regulator of cell pluripotency (Daigneault et al., 2018).
Dividing Cells Have Precisely Two Distinct Centrioles With Evolutionarily Conserved Design
Centrioles are evolutionarily conserved organelles with characteristic structure, composition, and function in animal cells (Marshall, 2009; Carvalho-Santos et al., 2010; Hodges et al., 2010). A cell typically has two distinct centrioles: a younger and an older centriole. The younger centriole is formed in the immediately preceding cell cycle and the older centriole during past cycles (Avidor-Reiss and Gopalakrishnan, 2013; Sullenberger et al., 2020). This difference in age is coupled with distinctly different compositions and functions between the two centrioles. The older centriole is structurally mature and is therefore known as the mother centriole. It extends to form the axoneme, producing the cell’s cilium in G1 or G0 of the cell cycle. The mother centriole recruits pericentriolar proteins to form the centrosome in preparation for cell division during the G2 and M phases of the cell cycle. The younger centriole is structurally immature and is referred to as the daughter centriole. Though it is linked to the mother centriole, its role in G1 of the cell cycle is unclear. However, once a cell commits to cell division, like the mother centriole, the daughter centriole duplicates in S phase, and forms a procentriole. After the subsequent M phase, the daughter centriole matures to become the mother centriole of one of the daughter cells generated during cell division. Therefore, to maintain this cycle of centriole duplication, dividing cells require two centrioles during normal animal development and physiology, and centriole formation defects result in embryo death or abnormal offspring.
Sperm Have Two Centrioles, but the Egg Does Not
Like other cell types, early mammalian egg cells (pre-pubertal oocytes) have two centrioles, but they degenerate, and disappear during egg maturation (Simerly et al., 2018). Ultimately, meiotic cell division is mediated without recognizable centrioles (Manandhar et al., 2005; Simerly et al., 2018). The fate of the centrioles is different in sperm.
Early sperm cells (spermatids) also have two centrioles, named based on their location. The proximal centriole (PC) is located near the sperm nucleus and forms a transient, cytoplasmic, axoneme-like extension known as the centriolar adjunct (Garanina et al., 2019). The second centriole, the distal centriole (DC), is located farther away from the nucleus, and forms the sperm tail axoneme. In this centriole pair, the PC is likely the mother centriole, while the DC is the daughter centriole (Grier, 1973; Alieva et al., 2018).
For a long time, it was thought that human sperm provided one functional centriole (the PC), one degraded or remnant centriole (the DC), and no pericentriolar material (PCM) to the egg (Manandhar et al., 2005; Luo et al., 2013). However, recently it became evident that human, bovine, and probably most other mammalian sperm have two functional centrioles and PCM, though they may exhibit atypical designs (Fishman et al., 2018; Amargant et al., 2021; Khanal et al., 2021; Leung et al., 2021). The PC displays slightly modified structure and composition, while the DC displays highly modified structure and composition. The usually amorphous PCM becomes the highly structured striated columns (SCs) and capitulum in the spermatozoon. The PC and DC (possibly with the SCs) form the zygotic centrosomes.
The Two Sperm Centrioles Form Two Essential Zygotic Centrosomes in Humans and Most Animals
For a long time, it was unclear how the mammalian zygote acquired its first two centrosomes, as it was thought that sperm provided only the PC (Schatten and Sun, 2009; Avidor-Reiss et al., 2015). However, it recently became evident that spermatozoa have a second, atypical centriole, the DC. Shortly after fertilization, the two spermatozoan centrioles stay together at the base of the decondensing male pronucleus, recruiting egg PCM proteins, and forming the first zygotic centrosome, which emanates a large aster (aka, the sperm aster). Later, the PC and DC (which is still attached to the axoneme) separate to form two independent centrosomes that are first located at the junction of the male and female pronuclei and, later, at the pole periphery of the male and female parallel spindles (Fishman et al., 2018; Cavazza et al., 2021; Kai et al., 2021; Schneider et al., 2021). The two sperm centrioles appear to be essential post-fertilization, as it is impossible to achieve live birth by fertilizing the egg with only sperm heads in humans and most other mammal species (with the notorious exception of mice and other murine species–see below) (Moomjy et al., 1999; Avidor-Reiss et al., 2019). Spermatozoan and embryonic centrioles are essential in most studied invertebrates (nematodes and fruit flies) and base vertebrates (zebrafish), suggesting that centriole-dependent reproduction is the ancestral case (Avidor-Reiss, 2018; Blachon et al., 2014; Yabe et al., 2007; O'Connell et al., 2001).
Mice Have No Centrioles in Mature Sperm or the Early Embryo
The fate of the spermatozoan centrioles during sperm differentiation (spermiogenesis in the testes) and maturation (in the epididymis) is species-specific. Unlike most other mammals, in the house mouse (Mus musculus), rat (Rattus norvegicus), and Mongolian gerbil (Meriones unguiculatus), members of the Murinae family, the two mature spermatozoan centrioles are undetected (Woolley and Fawcett, 1973; Chakraborty, 1979; Manandhar et al., 1998; Simerly et al., 2016; Avidor-Reiss and Fishman, 2019). Furthermore, they, or whatever remains of them, are dispensable for early embryo development, as healthy mice and phylogenetically close species (e.g., hamsters) can be born following the injection of a tailless sperm head or nucleus into the egg (Kuretake et al., 1996; Yamauchi et al., 2002; Yan et al., 2008). Also, no centriole is detected in the embryo up to the blastula stage in natural mouse reproduction (Gueth-Hallonet et al., 1993; Coelho et al., 2013; Bangs et al., 2015). Instead of round, centriole-nucleated centrosomes, after fertilization, many small acentriolar microtubule organization centers appear in the cytoplasm, and they organize the two, unique, parallel maternal and paternal spindles (Reichmann et al., 2018). This even occurs following polyspermy (multiple paternal contribution) or parthenogenesis (no paternal contribution) (Schatten et al., 1991; Courtois et al., 2012; Zenker et al., 2017). This shows that mice exhibit novel, centriole-independent reproduction.
The Essential Role of the Sperm Centriole is Controversial
The essential role of the sperm centriole in humans and other mammals is controversial for three main reasons.
First, a common argument against the essential role of the sperm centriole in humans is that they are dispensable in mice. However, the loss of a critical biological feature in one species does not necessarily indicate the lack of significance in other animals. While the previous statement may be trivial, it is a critical point to make. To elaborate, snakes do not have legs, but legs are essential in other animals. Snakes have lost their legs through the evolution of an alternative mode of locomotion that does not rely on legs (Jayne, 2020). Yet, humans and other land animals retained the need for legs as a means of transportation (though humans evolved walking on two legs, while most other mammals maintained the ancestral mode of walking on four legs). This leg/centriole analogy raises questions as to how and why mice have evolved centriole-independent reproduction and as to what new mechanism is substituted for the performance of centriolar function. It is important to note that “mice are not humans,” and they can differ in very basic subcellular processes (Fischer, 2021).
The second reason for the controversy is that it has not been demonstrated conclusively that sperm centrioles are essential post-fertilization by eliminating their function without causing significant defects in the sperm or zygote. To accomplish this, we need to eliminate the sperm centrioles without affecting other spermatozoan structures in a model system that has sperm centrioles (i.e., not in mice or rats); this requires experimentation on non-traditional model systems. Alternatively, this could be accomplished if efficient in vitro spermatogenesis could be achieved in humans or other models with sperm centrioles.
Finally, in the absence of sperm centrioles, an activated egg can be stimulated to form a parthenote (an embryo developed from an unfertilized egg) (Balakier and Casper, 1991). However, the mammalian parthenote does not reach live birth and usually dies by the blastocyst stage (Wininger, 2004; Paffoni et al., 2007; Amargant et al., 2021). Parthenotes that undergo division eventually gain centrioles through the process of de novo centriole synthesis. However, this process is highly erroneous, and parthenogenic cells (which do not inherit sperm centrioles) often have abnormal centriole numbers (Brevini et al., 2012). The presence of too many or too few centrioles can lead to chromosomal instability, cell death, and, ultimately, embryo developmental arrest (Bhak et al., 2006; Sir et al., 2013; Godinho et al., 2014). Additional comparative studies of both non-murine and mouse parthenogenic centrioles are necessary to determine the stage at which centrioles form, the number formed, and their function.
Research into this controversy has revealed at least two mechanisms that can organize the microtubule cytoskeleton in humans and most other mammals. One is a dominant mechanism mediated by the centriole/centrosome. The dominance of this mechanism is apparent in polyspermic zygotes, which are forced into multipolar spindle assembly due to the presence of a higher-than-normal number of centrosomes (Kai et al., 2021). The second is a complementary/compensatory mechanism mediated by the chromosomes and a set of regulatory and motor proteins. This process is beyond the scope of this manuscript, and more information about it can be found in (Mogessie et al., 2018; Geisterfer et al., 2021; Kiyomitsu and Boerner, 2021). Therefore, it is possible that non-murine zygotes, unlike mouse zygotes, require two centrioles to produce a viable embryo because they are more dependent on centriole-based mechanisms.
Human and Bovine Have a Naturally High Miscarriage Rate
One potential explanation for the disappearance of centrioles in mouse reproduction is that their presence may promote early embryo aneuploidy and miscarriages. In human and bovine, reproduction is associated with a high rate of defective cell division in the early embryo (Figure 1A). For example, multinucleated blastomeres were present in 43–44% of human embryos at the two-cell stage (Balakier and Cadesky, 1997; Aguilar et al., 2016). Also, bovine embryos have a significant miscarriage rate of up to 48% in beef cattle (Reese et al., 2020) and pregnancy loss rates of ∼60% in dairy cattle (Santos et al., 2004). Three recent studies suggest that these early embryonic multinucleations and miscarriages may be due to zygotic centrosome dysfunction.
[image: Figure 1]FIGURE 1 | A Model of Sperm Centriole Function Post-fertilization. (A) In human, bovine, and many other mammalian species, the sperm has two centrioles: the proximal centriole and atypical distal centriole. During fertilization, spermatozoan centrioles are brought into the oocyte, where they form the large sperm aster, or the zygotic centrosome, and which helps pronuclear migration. The initial, single zygotic centrosome breaks into two centrosomes that move to the interface between the two pronuclei, where they polarize the paternal genome (blue) and maternal genome (pink). Failure of the sperm centrioles (red arrow) or zygotic centrosome results in embryo aneuploidy (red x) and embryo developmental failure, which are common in human and bovine. (B) In mice, the sperm has no detectable centrioles. After fertilization, the many small, acentriolar, cytoplasmic asters in the oocyte continue to function. The pronuclear genomes are homogenous. Embryo aneuploidy is very low, and embryo development is robust.
Kai et al., (2021), using live imaging of human tri-pronuclear zygotes, found that the first mitotic spindle formation is led by sperm centrosome-dependent microtubule-organizing centers and that sperm centrioles may cause a high incidence of zygotic division errors (Kai et al., 2021).
Cavazza et al., (2021) found that two zygotic centrosomes reside at the junction of the male and female pronuclei and cluster the parental genomes in human and bovine zygotes (Cavazza et al., 2021). Defects in centrosome location or function lead to aneuploidy, abnormal chromosome segregation, the appearance of micronuclei, and impaired embryo development. This demonstrates that zygotic centrosome function is critical for embryonic development in human and bovine.
Amargant et al. (2021) estimated that the human sperm carries 251 centrosomal proteins within its tail to the egg and found that one of these proteins (pericentrin) remains anchored to the sperm centrioles in the zygote (Amargant et al., 2021). This study also showed that injection of human sperm tails into human oocytes followed by parthenogenetic activation results in more robust early cell divisions and improves the parthenote’s development. They found that tail-injected parthenotes maintain better control of centriole numbers in their cells. This study demonstrates that the sperm tail and likely its centrioles contribute to embryo development.
Additional similarities identified between bovine and human early embryogenesis are absent in mice (Carreiro et al., 2021). Recently, it was reported that horses, whose sperm also have two centrioles, suffer from a high rate of aneuploidy in naturally occurring pregnancies (Shilton et al., 2020).
Together, these recent studies point to a critical role of centrosome function in the embryo that is often jeopardized, resulting in a reduction in reproductive efficiency.
Unlike Human and Bovine, Mice Have a Naturally Low Miscarriage Rate
House mice have a very low rate of mosaic aneuploidy in preimplantation embryos (about 25% of embryos, compared to 70% in humans) (Lightfoot et al., 2006), which plays a role in their negligible rate of naturally conceived miscarriages of less than 1% (Li et al., 2011; Yang et al., 2019; Sandalinas et al., 2001; Rubio et al., 2007). Also, in contrast to the much higher rate observed in humans, the spontaneous occurrence of aneuploidy in mice is rare, affecting less than 1% of embryos (Lightfoot et al., 2006; Bond et al., 1983). For example, resorbed embryos were rarely observed in wild-type females at 11.5 days postcoitus (Figure 1B), and 0 of 90 one-cell zygotes displayed chromosomal aberrations (Yuan et al., 2002). Only 8% of mouse IVF embryos (n = 36) failed to develop into morphologically normal blastocysts, and only 9.7% of blastomeres had significant chromosome segregation errors, such as lagging chromosomes (n = 72) (Bolton et al., 2016). Therefore, it is possible that mice evolved centriole-independent reproduction to improve early embryonic development efficiency. Centrioles appear in mice just before the embryo needs to form a cilium to support essential developmental processes, such as determination of the embryo’s left-right axis. It is important to note that the house mice used in laboratories are highly inbred, multiparous mammals, compared to human and some bovine, which are outbred mammals that typically give birth to single offspring. Therefore, it would be important to study miscarriages in wild mice populations and other multiparous species with paternal sperm centriolar inheritance, such as rabbits (Vandenbergh, 2000).
Atypical Sperm Centrioles Evolved Independently in Many Animal Groups, Suggesting Convergent Evolution
Centrioles with atypical structures evolved independently in multiple animal clades, including insects, mammals, and certain fish.
In insects, the DC varies from having 20–50 singlet tubules in the fungus gnat Sciara coprophila (Phillips, 1967), to having nine collapsed triplet-microtubules in Drosophila melanogaster (Khire et al., 2016), to having nine doublet-microtubules in Tribolium (Fishman et al., 2017). Discovered only recently, the PC looks alien in insects. In some insects, like Drosophila, the PC has no microtubules at all (Blachon et al., 2009; Gottardo et al., 2015; Khire et al., 2015; Dallai et al., 2017; Fishman et al., 2017; Uzbekov et al., 2018). Still, the Drosophila zygote inherits both sperm centrioles (Blachon et al., 2014). These centrioles recruit PCM, form a centrosome that emanates astral microtubules, duplicate to create new centrioles, and localize to the spindle pole (Khire et al., 2016).
In non-murine mammals, such as bovine, the PC maintains the canonical centriolar structure with some modifications (Sutovsky and Schatten, 2000; Leung et al., 2021), like the loss of canonical centriolar proteins, such as Cep295 and RTTN (Fishman et al., 2018). The PC is asymmetric, with triplet microtubules of unequal lengths (Leung et al., 2021). In these mammals, the DC is highly modified and was thought to be degraded (Manandhar et al., 2000). Recently, it was shown to be made of splayed microtubules that associate with novel rod and bar structures (Fishman et al., 2017; Khanal et al., 2021; Leung et al., 2021). Still, the two sperm centrioles are inherited by the bovine zygote, where they recruit PCM, form a centrosome that emanates astral microtubules, duplicate to form new centrioles, and localize to the junction between the male and female pronuclei and later to the vicinity of the zygote’s spindle poles.
The DC is canonical in six distantly related fish clades, but the PC is either atypical or undetected (Turner et al., 2017). While it is possible that these species lost their PC, another, more likely explanation is that the PC is modified to the point of being unrecognizable. This alternative explanation will require further investigation.
Altogether, two canonical centrioles are present in many basal animal species with primitive form (aka aquatic sperm) (BACCETTI, 1985; Jamieson, 1991), indicating that atypical centrioles evolved independently at least eight times in animals and may represent convergent evolution. However, the selective force underlying this convergence is unclear. One common feature of animal groups with atypical sperm centrioles is internal fertilization. The sperm of animals with internal fertilization show greater divergence in structure and morphology (Baccetti, 1986; Kahrl et al., 2021), indicating that atypical centriolar diversity may have coevolved with diverging sperm structure and morphology. To test this hypothesis, it would be essential to determine the specific contribution of atypical centrioles to sperm physiology.
Sperm Centrioles Form a Dynamic Basal Complex in Bovine
As discussed above, a critical question is: why do sperm have an atypical centriole? The answer for that may vary among animal groups since each evolved independently. Revisiting our leg/centriole analogy, forelegs in basal mammals can become hands in humans or wings in bats (Krubitzer and Seelke, 2012); they were lost in the pectoral fins of dolphins (Cooper et al., 2007) and became flippers in sea lions (Reidenberg, 2007). Recently, we studied in detail the bovine atypical centriole and found that, together with other sperm neck structures, it forms a mechanical link that couples tail beating, and head kinking motions. This mechanical link, called the dynamic basal complex, (DBC) (Khanal et al., 2021) is comprised of the sperm’s specialized PCM (the striated column and capitulum), the PC, and the atypical DC.
In mammals, the transfer of force from sperm tail to head involves several neck components that work together. The striated column and DC connect to the tail independently from each other, then interact with the PC and capitulum. Finally, the PC and capitulum form a complex attached to the head. Since the insect PC is atypical (proximal centriole-like (PCL) structure), one question that arises is whether it serves the same function as it does in mammals (Gottardo et al., 2015; Khire et al., 2016). This is not likely the case in Drosophila, as the DC connects directly to the tail axoneme and the head, while the PCL is found in the sperm neck cytoplasm to the side of the DC, and does not appear to be part of the same mechanical linkage. However, the location of the PCL just above the mitochondria derivative that spans the tail in parallel to the axoneme may allow the PCL to connect the tail to the head in parallel to the axoneme/DC/head linkage.
Another question is: why does the sperm DC show such large differences in size between species with centriolar reproduction even though the overall sizes of their sperm are similar? For example, the bovine DC is twice as long as the human DC, based on rod protein length (Khanal et al., 2021). This situation may be analogous to some mammals having short legs and others having long legs. While leg size tends to correlate with animal size, this is not always the case. The jerboa has longer legs than other rodents of similar size so that they can move more quickly and avoid predators (Chan, 2015). One possibility is that modifications to centriolar structure allow the DBC to adapt to the unique challenges of the female reproductive tract (FRT). For example, unlike human and bovine, rabbit have induced ovulation, and the sperm reach the site of fertilization before the eggs (Fischer et al., 2012). Humans have a vagina connected to a central-chamber uterus (Suarez and Pacey, 2006), bovine have a vagina that is connected to a uterine body that splits into two uterine horns (Tung and Suarez, 2021), and rabbits have a vagina connected to two uteruses (a bicornuate duplex uterus) (Fischer et al., 2012). This diversity in reproductive anatomy may impose complex evolutionary pressures that modify sperm physiology and centriolar structure/function.
Sperm Centriolar Defect Contributes to Infertility and Miscarriages
Since centrioles are present in mature sperm and function in the zygote, they may have a critical role in fertility, and normal embryo development. The dogma in human reproductive biology is that sperm centriolar dysfunction will result in fertilization failure (Asch et al., 1995; Simerly et al., 1995; Rawe et al., 2002). This idea arises from the early role of sperm centrioles in forming a sperm aster that facilitates male and female pronuclear congregation (Rawe et al., 2002). Sperm with severely abnormal centriolar structure fail fertilization (Chemes et al., 1987; Chemes et al., 1999; Chemes and Alvarez Sedo, 2012). Still, sometimes, polyspermic oocytes can form bipolar spindles with multiple clustered centrosomes at their poles and divide normally (Wentz et al., 1983). This idea also extends from the fact that fertilization of the egg by multiple sperm results in centriole-induced multipolar spindles and abnormal cleavage (Kai et al., 2021). However, with mild centriolar defect (i.e., centrioles are present but are partially impaired), zygote division can continue, but aneuploidy can occur, resulting in embryo death at a later stage (Cavazza et al., 2021).
Considering that the zygotic centrosome is a composite of sperm centrioles, male centrosomal proteins, and egg PCM proteins, the male and female contributions may compensate for each other’s deficiencies (Schatten, 1994; Amargant et al., 2021). Therefore, having mildly abnormal sperm centrioles can also be exacerbated by weakened eggs, resulting in failed embryonic development. This may explain why donor sperm particularly benefits older women in some cases (Bortoletto et al., 2021).
CONCLUSION
The precise role of centrioles in the sperm and early embryo remains enigmatic due to challenges in its study. However, recent data suggest that the sperm provides two functional centrioles needed for normal chromosome segregation during cleavages and maintenance of normal early embryo development in human and bovine. For that, the sperm centrioles recruit maternal egg proteins and form zygotic centrosomes, which interact with paternal chromosomes. This process is sensitive, and minute errors could cause alterations in centrosome function, aneuploidy, and miscarriages. More research is needed to confirm this recent observation and understand their mechanism and role in miscarriages in human, bovine, and additional mammalian models. Mouse embryos may have found a way to develop independently of centrioles, possibly by enhancing the alternative mechanisms that exist also in the human zygote, thereby eliminating the dependency on sensitive processes and simultaneously increasing the robustness of embryonic development and fecundity. However, little is known about how this independence was achieved. More data is needed on centriole status and miscarriage rates in other species, specifically in the rodent lineage that led to house mice. More research is required to develop methodologies to overcome research challenges and test this hypothesis.
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 Delattre, M., and Gönczy, P. (2004). The Arithmetic of Centrosome Biogenesis. J. Cel. Sci. 117, 1619–1630. doi:10.1242/jcs.01128
 Fischer, B., Chavatte-Palmer, P., Viebahn, C., Navarrete Santos, A., and Duranthon, V. (2012). Rabbit as a Reproductive Model for Human Health. Reproduction 144, 1–10. doi:10.1530/rep-12-0091
 Fischer, M. (2021). Mice Are Not Humans: The Case of P53. Trends Cancer 7, 12–14. doi:10.1016/j.trecan.2020.08.007
 Fishman, E. L., Jo, K., Ha, A., Royfman, R., Zinn, A., Krishnamurthy, M., et al. (2017). Atypical Centrioles Are Present in Tribolium Sperm. Open Biol. 7, 160334. doi:10.1098/rsob.160334
 Fishman, E. L., Jo, K., Nguyen, Q. P. H., Kong, D., Royfman, R., Cekic, A. R., et al. (2018). A Novel Atypical Sperm Centriole Is Functional during Human Fertilization. Nat. Commun. 9, 2210. doi:10.1038/s41467-018-04678-8
 Garanina, A. S., Alieva, I. B., Bragina, E. E., Blanchard, E., Arbeille, B., Guerif, F., et al. (2019). The Centriolar Adjunct-Appearance and Disassembly in Spermiogenesis and the Potential Impact on Fertility. Cells 8, 180. doi:10.3390/cells8020180
 Geisterfer, Z. M., Guilloux, G., Gatlin, J. C., and Gibeaux, R. (2021). The Cytoskeleton and its Roles in Self-Organization Phenomena: Insights from Xenopus Egg Extracts. Cells 10, 197. doi:10.3390/cells10092197
 Godinho, S. A., Picone, R., Burute, M., Dagher, R., Su, Y., Leung, C. T., et al. (2014). Oncogene-like Induction of Cellular Invasion from Centrosome Amplification. Nature 510, 167–171. doi:10.1038/nature13277
 Gottardo, M., Callaini, G., and Riparbelli, M. G. (2015). Structural Characterization of Procentrioles in Drosophila Spermatids. Cytoskeleton 72, 576–584. doi:10.1002/cm.21260
 Gräf, R. (2018). Comparative Biology of Centrosomal Structures in Eukaryotes. Cells 7, 202. doi:10.3390/cells7110202
 Grier, H. J. (1973). Ultrastructure of the Testis in the Teleost Poecilia latipinna. J. Ultrastruct. Res. 45, 82–92. doi:10.1016/s0022-5320(73)90034-8
 Gueth-Hallonet, C., Antony, C., Aghion, J., Santa-Maria, A., Lajoie-Mazenc, I., Wright, M., et al. (1993). )Gamma-Tubulin Is Present in Acentriolar MTOCs during Early Mouse Development, J. cell. Sci. 105, 157–166.doi:10.1242/jcs.105.1.157
 Guichard, P., Hamel, V., and Gönczy, P. (2018). The Rise of the Cartwheel: Seeding the Centriole Organelle. Bioessays 40, e1700241. doi:10.1002/bies.201700241
 Hodges, M. E., Scheumann, N., Wickstead, B., Langdale, J. A., and Gull, K. (2010). Reconstructing the Evolutionary History of the Centriole from Protein Components. J. Cel. Sci. 123, 1407–1413. doi:10.1242/jcs.064873
 Jamieson, B. G. (1991). Fish Evolution and Systematics: Evidence from Spermatozoa: With a Survey of Lophophorate, Echinoderm and Protochordate Sperm and an Account of Gamete Cryopreservation. Cambridge University Press. 
 Jayne, B. C. (2020). What Defines Different Modes of Snake Locomotion?Integr. Comp. Biol. 60, 156–170. doi:10.1093/icb/icaa017
 Kahrl, A. F., Snook, R. R., and Fitzpatrick, J. L. (2021). Fertilization Mode Drives Sperm Length Evolution across the Animal Tree of Life. Nat. Ecol. Evol. 5, 1153–1164. doi:10.1038/s41559-021-01488-y
 Kai, Y., Kawano, H., and Yamashita, N. (2021). First Mitotic Spindle Formation Is Led by Sperm Centrosome-dependent MTOCs in Humans. Reproduction 161, V19–V22. doi:10.1530/rep-21-0061
 Khanal, S., Leung, M. R., Royfman, A., Fishman, E. L., Saltzman, B., Bloomfield-Gadêlha, H., et al. (2021). A Dynamic Basal Complex Modulates Mammalian Sperm Movement. Nat. Commun. 12, 3808. doi:10.1038/s41467-021-24011-0
 Khire, A., Jo, K. H., Kong, D., Akhshi, T., Blachon, S., Cekic, A. R., et al. (2016). Centriole Remodeling during Spermiogenesis in Drosophila. Curr. Biol. 26, 3183–3189. doi:10.1016/j.cub.2016.07.006
 Khire, A., Vizuet, A. A., Davila, E., and Avidor-Reiss, T. (2015). Asterless Reduction during Spermiogenesis Is Regulated by Plk4 and Is Essential for Zygote Development in Drosophila. Curr. Biol. 25, 2956–2963. doi:10.1016/j.cub.2015.09.045
 Kiyomitsu, T., and Boerner, S. (2021). The Nuclear Mitotic Apparatus (NuMA) Protein: A Key Player for Nuclear Formation, Spindle Assembly, and Spindle Positioning. Front. Cel Dev. Biol. 9, 653801. doi:10.3389/fcell.2021.653801
 Klimczak, A. M., Patel, D. P., Hotaling, J. M., and Scott, R. T. (2021). Role of the Sperm, Oocyte, and Embryo in Recurrent Pregnancy Loss. Fertil. Sterility 115, 533–537. doi:10.1016/j.fertnstert.2020.12.005
 Krubitzer, L. A., and Seelke, A. M. (2012). Cortical Evolution in Mammals: the Bane and beauty of Phenotypic Variability. Proc. Natl. Acad. Sci. U S A. 109 Suppl 1, 10647–10654. doi:10.1073/pnas.1201891109
 Turner, K., Solanki, N., Salouha, H. O., and Avidor-Reiss, T. (2022). Atypical Centriolar Composition Correlates with Internal Fertilization in Fish cells, 10. 
 Kuretake, S., Kimura, Y., Hoshi, K., and Yanagimachi, R. (1996). Fertilization and Development of Mouse Oocytes Injected with Isolated Sperm Heads1. Biol. Reprod. 55, 789–795. doi:10.1095/biolreprod55.4.789
 Leung, M. R., Roelofs, M. C., Ravi, R. T., Maitan, P., Henning, H., Zhang, M., et al. (2021). The Multi-Scale Architecture of Mammalian Sperm Flagella and Implications for Ciliary Motility. EMBO J. 40, e107410. doi:10.15252/embj.2020107410
 Li, C., Piran, S., Chen, P., Lang, S., Zarpellon, A., Jin, J. W., et al. (2011). The Maternal Immune Response to Fetal Platelet GPIbα Causes Frequent Miscarriage in Mice that Can Be Prevented by Intravenous IgG and Anti-FcRn Therapies. J. Clin. Invest. 121, 4537–4547. doi:10.1172/JCI57850
 Lightfoot, D. A., Kouznetsova, A., Mahdy, E., Wilbertz, J., and Höög, C. (2006). The Fate of Mosaic Aneuploid Embryos during Mouse Development. Dev. Biol. 289, 384–394. doi:10.1016/j.ydbio.2005.11.001
 Luo, S.-M., Schatten, H., and Sun, Q.-Y. (2013). Sperm Mitochondria in Reproduction: Good or Bad and where Do They Go?J. Genet. Genomics 40, 549–556. doi:10.1016/j.jgg.2013.08.004
 Manandhar, G., Simerly, C., and Schatten, G. (2000). Centrosome Reduction during Mammalian Spermiogenesis. Curr. Top. Dev. Biol. 49, 343–363. doi:10.1016/s0070-2153(99)49017-9
 Manandhar, G., Schatten, H., and Sutovsky, P. (2005). Centrosome Reduction during Gametogenesis and its Significance1. Biol. Reprod. 72, 2–13. doi:10.1095/biolreprod.104.031245
 Manandhar, G., Sutovsky, P., Joshi, H. C., Stearns, T., and Schatten, G. (1998). Centrosome Reduction during Mouse Spermiogenesis. Dev. Biol. 203, 424–434. doi:10.1006/dbio.1998.8947
 Marshall, W. F. (2009). Centriole Evolution. Curr. Opin. Cel Biol. 21, 14–19. doi:10.1016/j.ceb.2009.01.008
 Masset, H., Tšuiko, O., and Vermeesch, J. R. (2021). Genome‐wide Abnormalities in Embryos: Origins and Clinical Consequences. Prenatal Diagn. 41, 554–563. doi:10.1002/pd.5895
 Mitchell, L. E. (2022). Maternal Effect Genes: Update and Review of Evidence for a Link with Birth Defects. Hum. Genet. Genomics Adv. 3, 100067. doi:10.1016/j.xhgg.2021.100067
 Mogessie, B., Scheffler, K., and Schuh, M. (2018). Assembly and Positioning of the Oocyte Meiotic Spindle. Annu. Rev. Cel Dev. Biol. 34, 381–403. doi:10.1146/annurev-cellbio-100616-060553
 Moomjy, M., Colombero, L. T., Veeck, L. L., Rosenwaks, Z., and Palermo, G. D. (1999). Sperm Integrity Is Critical for normal Mitotic Division and Early Embryonic Development*. Mol. Hum. Reprod. 5, 836–844. doi:10.1093/molehr/5.9.836
 Niakan, K. K., Han, J., Pedersen, R. A., Simon, C., and Pera, R. A. R. (2012). Human Pre-implantation Embryo Development. Development 139, 829–841. doi:10.1242/dev.060426
 O'Connell, K. F., Caron, C., Kopish, K. R., Hurd, D. D., Kemphues, K. J., Li, Y., et al. (2001). The C. elegans Zyg-1 Gene Encodes a Regulator of Centrosome Duplication with Distinct Maternal and Paternal Roles in the Embryo. Cell 105, 547–558. doi:10.1016/s0092-8674(01)00338-5
 Paffoni, A., Brevini, T., Somigliana, E., Restelli, L., Gandolfi, F., and Ragni, G. (2007). In Vitro development of Human Oocytes after Parthenogenetic Activation or Intracytoplasmic Sperm Injection. Fertil. Sterility 87, 77–82. doi:10.1016/j.fertnstert.2006.05.063
 Phillips, D. M. (1967). Giant Centriole Formation in Sciara. J. Cel. Biol. 33, 73–92. doi:10.1083/jcb.33.1.73
 Rawe, V. Y., Terada, Y., Nakamura, S., Chillik, C. F., Olmedo, S. B., and Chemes, H. E. (2002). A Pathology of the Sperm Centriole Responsible for Defective Sperm Aster Formation, Syngamy and Cleavage. Hum. Reprod. 17, 2344–2349. doi:10.1093/humrep/17.9.2344
 Reese, S. T., Franco, G. A., Poole, R. K., Hood, R., Fernadez Montero, L., Oliveira Filho, R. V., et al. (2020). Pregnancy Loss in Beef Cattle: A Meta-Analysis. Anim. Reprod. Sci. 212, 106251. doi:10.1016/j.anireprosci.2019.106251
 Reichmann, J., Nijmeijer, B., Hossain, M. J., Eguren, M., Schneider, I., Politi, A. Z., et al. (2018). Dual-spindle Formation in Zygotes Keeps Parental Genomes Apart in Early Mammalian Embryos. Science 361, 189–193. doi:10.1126/science.aar7462
 Reidenberg, J. S. (2007). Anatomical Adaptations of Aquatic Mammals. Anat. Rec. 290, 507–513. doi:10.1002/ar.20541
 Rosenbaum, J. L., and Witman, G. B. (2002). Intraflagellar Transport. Nat. Rev. Mol. Cel Biol 3, 813–825. doi:10.1038/nrm952
 Rubio, C., Rodrigo, L., Mercader, A., Mateu, E., Buendía, P., Pehlivan, T., et al. (2007). Impact of Chromosomal Abnormalities on Preimplantation Embryo Development. Prenat. Diagn. 27, 748–756. doi:10.1002/pd.1773
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