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Primordial Germ Cell Specification in Vertebrate Embryos: Phylogenetic Distribution and Conserved Molecular Features of Preformation and Induction
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The differentiation of primordial germ cells (PGCs) occurs during early embryonic development and is critical for the survival and fitness of sexually reproducing species. Here, we review the two main mechanisms of PGC specification, induction, and preformation, in the context of four model vertebrate species: mouse, axolotl, Xenopus frogs, and zebrafish. We additionally discuss some notable molecular characteristics shared across PGC specification pathways, including the shared expression of products from three conserved germline gene families, DAZ (Deleted in Azoospermia) genes, nanos-related genes, and DEAD-box RNA helicases. Then, we summarize the current state of knowledge of the distribution of germ cell determination systems across kingdom Animalia, with particular attention to vertebrate species, but include several categories of invertebrates – ranging from the “proto-vertebrate” cephalochordates to arthropods, cnidarians, and ctenophores. We also briefly highlight ongoing investigations and potential lines of inquiry that aim to understand the evolutionary relationships between these modes of specification.
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INTRODUCTION

The differentiation of primordial germ cells (PGCs) from somatic cells is one of the earliest cell fate decisions in animal development. PGCs give rise to germline stem cells, which will ultimately become the progenitors of every cell in the next generation (Johnson and Alberio, 2015). Thus, the fidelity of PGC specification and development is intimately tied to the survival and fitness of sexually reproducing species. Modes of PGC differentiation fit into two main categories: induction and preformation (Extavour and Akam, 2003; Figure 1). Some vertebrate lineages, including placental mammals and urodele amphibians, use inductive cell–cell signaling interactions involving zygotic genes for germ cell determination (Johnson et al., 2011). In other vertebrates, such as teleost fish, anuran amphibians, and birds, germ cell differentiation occurs through preformation, the inheritance of maternally derived gene products necessary to confer germline fate (Houston and King, 2000; Extavour and Akam, 2003; Kloc et al., 2004). For simplicity, in this review we refer as species with either the inheritance of maternal germline determinants via preformation or the induction of PGC fate through cell-cell signaling as “preformative species” or “inductive species,” respectively. Herein, we provide an overview of the current state of knowledge of both mechanisms, including broad insights from work done in model species and how they relate to PGC specification in various non-model vertebrates. We address some of the most striking characteristics shared between these otherwise distinct specification pathways, such as conserved germline genes. Further, we detail the various germ cell determination systems among the kingdom Animalia. We will primarily discuss vertebrate species but will also include select invertebrates such as “proto-vertebrate” cephalochordates, arthropods, cnidarians, and ctenophores. Finally, we summarize active studies and potential avenues for further investigation that involve interrogating the evolutionary relationships between these means of specification.
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FIGURE 1. Schematic depicting the two major mechanisms of germline differentiation, preformation and induction. In preformative species, as shown on left, maternally derived germline determinants, also known as germ plasm ribonucleoparticles (GP-RNPs), are already present in the zygote and subsequently localize in a subset of cells to confer germline fate. In inductive species, as shown on right, no maternally derived germline determinants are present in the zygote, and primordial germ cells gain their identity later in embryonic development through cell–cell signaling. The lower quotes represent opposing 19th century-ideologies, from which the terms preformation and epigenesis (induction) were historically associated.




PRINCIPLES OF PREFORMATION

The term preformation can be traced back to philosophical arguments regarding the genesis of life, wherein living organisms arose as “preformed” miniatures of their mature form (Lawrence, 2012; Figure 1). Later, in the 19th-century, evolutionary biologist August Friedrich Leopold Weismann proposed that hereditary material is transmitted by preformed determinants in germ cells, not somatic cells, as outlined in his 1892 book Das Keimplasma: eine Theorie der Vererbung (The Germ Plasm: a theory of inheritance). Although the “Keimplasma” that Weismann envisioned turned out to be a better analogy for DNA than germline determinants (Weismann, 1892; Lankenau, 2007) the concept that germ cell-specific information can be “preformed” and transferred from one generation to the next is the essence of the preformative mechanism of germline determination.

Modern science defines preformation as a mechanism of germ cell fate driven by the presence and function of maternally inherited molecular determinants (Houston and King, 2000). Originally synthesized in oocytes, these determinants ultimately take the form of RNA and protein aggregates that segregate from the embryonic cytoplasm and confer germline fate to prospective PGCs (Figure 2). Although the terminology for these maternally inherited determinants can vary between species and developmental stage, germ plasm (from “germinal cytoplasm”) is a generally used descriptor of these determinants in vertebrate embryos.
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FIGURE 2. Examples of germ plasm morphology in several invertebrate and vertebrate species used for research about the preformative (maternal inheritance) mechanism of primordial germ cell specification. (A) PGL-1 protein-labeled P-granules in 2-cell C. elegans embryo. Adapted with permission from Spike et al. (2008). (B) Vasa protein-labeled pole plasm in a Drosophila embryo less than 1 h after egg laying, also magnified (B’) to show individual Vasa-positive germ granules that comprise the pole plasm. Adapted from Trcek et al. (2015) and available via CC-BY license. (C) Nasonia vitripennis wasp embryos in division cycle 2–3 and (C’) pre-syncytial blastoderm formation, labeled for the oosome component oskar RNA. Adapted from Lynch et al. (2011) and available via CC-BY license. (D) Vegetal view of germ plasm in albino Xenopus 2-cell and 4-cell (D’) embryos labeled for dazl RNA. Adapted with permission from Houston et al. (1998). (E) Zebrafish 4-cell embryo labeled for nanos RNA to show rod-like germ plasm masses at the cleavage furrow ends, also magnified (E’) to show structure of aggregated nanos germ plasm ribonucleoparticles.


Germ plasm was one of the earliest identified phase-separated subcellular structures (also known as membraneless organelles or biocondensates) and is characteristically electron-dense when imaged with electron microscopy (Mahowald, 1962). Phase separation, the formation of multiple distinct phases (regions of space/material with essentially uniform physical properties) from a single homogenous mixture, permits the segregation of cellular compartments from the rest of the cell without the use of a membrane and is proposed to serve critical biochemical functions by concentrating macromolecules and enabling efficient reactions, as well as protecting components from degradation (Banani et al., 2017; Uversky, 2017). While some germline-specific biocondensates, such as Balbiani bodies (large proteinaceous and organelle-rich spheres, also called mitochondrial clouds) in oocytes and perinuclear nuage in meiotic cells, are prevalent in both preformative and inductive animal species, the aggregation of maternally inherited germline determinants in early embryogenesis is specific to preformative species (Nott et al., 2015). Germ plasm components in vertebrates typically aggregate at or near embryonic cleavage furrows (Figures 2D–E’) and can be associated with cytoskeletal elements (Whitington and Dixon, 1975; Moravec and Pelegri, 2020), which promote their asymmetric inheritance into a subset of cells that will become germline progenitors.

Much of what we know about preformation in vertebrate species has been gleaned from studies involving the model developmental systems, Danio rerio (zebrafish) and Xenopus laevis (African clawed frog). However, even in these relatively well-studied species, the complete composition of germ plasm is unknown, with fewer than two dozen RNAs and protein components presently characterized in each species, and limited overlap across those species (Cuykendall and Houston, 2010; Karimi et al., 2018; Ruzicka et al., 2019). This is a mere fraction of the number of germ plasm-associated components identified in invertebrate model systems such as Drosophila and C. elegans (Harris et al., 2020; Larkin et al., 2021). It is currently unclear if vertebrates with germ plasm, as in fish and frogs, simply have fewer total components or if there are many additional gene products yet to be uncovered.

Maternally inherited germline determinants in both vertebrates and invertebrates interact with aggregation-prone, intrinsically disordered germ plasm “organizer” proteins, including Bucky ball (Buc) in zebrafish (Bontems et al., 2009), Xvelo1 in Xenopus (Nijjar and Woodland, 2013), and Oskar in Drosophila (Lehmann, 2016). Buc and Xvelo1 have limited sequence homology, with a shared N-terminal BUVE (Buc-Velo) motif containing a prion-like domain; however, neither protein appears to share any sequence homology or evolutionary origins with Oskar despite being functionally equivalent (Boke et al., 2016; Krishnakumar et al., 2018). Although beyond the scope of this review, there are several excellent sources of information about intrinsically disordered germ plasm organizing proteins, and phase separation more broadly, in germline development of many species (reviewed in Dodson and Kennedy, 2020; Mukherjee et al., 2021; So et al., 2021). Here, we present a brief overview of the mechanistic details of preformation in two well-characterized vertebrate species: zebrafish and Xenopus frogs (also see Aguero et al., 2017).


Zebrafish

During zebrafish oogenesis, germline-specific ribonucleoparticles (RNPs) containing RNAs (such as nanos, dazl, and vasa; see Section “Conserved gene families critical for PGC specification across divergent species and differentiation mechanisms”) are sequestered into the Balbiani body, a phase-separated structure that is conserved among vertebrate oocytes (Figure 3; Olsen et al., 1997; Yoon et al., 1997; Braat et al., 1999; Köprunner et al., 2001; Hashimoto et al., 2004; Kosaka et al., 2007). Upon oocyte maturation and subsequent fertilization, the majority of these germline RNPs localize throughout the future blastodisc (animal pole), while a subset localizes to the yolky vegetal pole (Hashimoto et al., 2004, 2006; Howley and Ho, 2000). During the first embryonic cell cycle, cytoskeletal elements and components of the cell division apparatus mediate the movement of animal pole germline RNPs to both distal ends of the forming cleavage furrow (Yoon et al., 1997; Pelegri et al., 1999; Eno and Pelegri, 2018). Here, the RNPs are compacted into large aggregates, while the second cell cycle repeats the process of gathering RNPs to both ends of the second cleavage furrow. Simultaneously, the subset of germline RNPs that had previously been localized to the vegetal pole migrate to join the animal pole RNP aggregates at the distal furrow tips (Theusch et al., 2006). At the end of the second cell cycle, there are four large (∼50 micron length) germ plasm aggregates of RNA and protein germline determinants, which will be maintained and asymmetrically inherited throughout the subsequent 3 h of embryogenesis (Braat et al., 1999; Knaut et al., 2000; Eno and Pelegri, 2013; Figures 2E, 3).
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FIGURE 3. Illustration of germline determination cycle in the preformative model species Danio rerio (zebrafish), from maternally derived germ plasm dynamics during early embryogenesis to gamete maturation and reproduction during adulthood.


To date, there have been 11 mRNAs and one miRNA identified as germ plasm components in zebrafish, in addition to at least five proteins. Although they are densely packed together to form the supramolecular aggregate structures, individual germ plasm RNPs are homotypic, i.e., they have only one RNA type occupying each particle, throughout the cleavage and blastula stages (Eno et al., 2019). By sphere stage, the four germ plasm aggregates are still contained within four cells (or cell clusters, reflecting occasional germ plasm fragmentation into two daughter cells rather than the more typical asymmetric segregation into one). At dome stage, approximately 4.3 h post-fertilization, the germ plasm aggregates disperse as RNPs, which have maintained their homotypic character and fill the cytoplasm of their resident cell, fated as a presumptive PGCs (Knaut et al., 2000; Eno et al., 2019). From that point on, the germline determinants segregate into both daughter cells during cell division, allowing the pool of PGCs to increase before they migrate to the genital ridge and initiate the germline developmental program, which includes further proliferation followed by meiotic commencement (Knaut et al., 2003; Raz and Reichman-Fried, 2006; Hsu et al., 2018; Figure 3).



Xenopus

As in zebrafish, the majority of Xenopus RNAs and proteins destined for germ plasm localization are initially collected into the densely packed Balbiani body during oogenesis (Kosaka et al., 2007; Nijjar and Woodland, 2013). As oocyte development progresses, however, these germline determinants are concentrated primarily to the vegetal pole through multiple localization pathways [known as the early (message transport organizer or METRO), late, and intermediate/dual pathways] (Forristall et al., 1995; Kloc and Etkin, 1995; Houston, 2013). After fertilization, small germ plasm aggregates are collected through the action of surface contraction waves and microtubule associations, and ingress along vegetal cleavage furrows (Ressom and Dixon, 1988; Savage and Danilchik, 1993; Oh and Houston, 2017). Unlike the meroblastic cleavage characteristic of zebrafish embryos, where only the animal pole is cellularized and undergoes cleavage, Xenopus embryonic cleavage is holoblastic, taking place across the entire embryo and associated with germ plasm localization in the vegetal blastomeres (Figures 2D,D’). As in zebrafish, Xenopus germ plasm aggregates are asymmetrically segregated into a single daughter blastomere after each subsequent division until gastrulation, when symmetric cell division commences and the PGC pool increases to approximately 20 – 50 cells (Dziadek and Dixon, 1977; Kamimura et al., 1980). During the late tailbud stages 3 days post-fertilization, the PGCs migrate to the genital ridge where they continue to proliferate before beginning meiosis and gametogenesis (Al-Mukhtar and Webb, 1971; Kloc et al., 2004). Despite some contrasting characteristics, such as different patterns of cleavage and incomplete overlap of germ plasm components, the underlying mechanism of PGC specification in Xenopus and zebrafish, and indeed all known preformative animals, is the same: aggregation and subsequent asymmetric segregation of maternally derived, germline fate-promoting RNAs and proteins.



INSIGHTS INTO INDUCTION

As with preformation, induction (also known as epigenesis) originated as a philosophical position held by Aristotle and others that life develops anew and is susceptible to external forces, rather than as the inevitable maturation of preformed determinants (Maienschein, 2017). In animals that employ the inductive mode of germline development, no package of cytoplasmic germline determinants is set aside in the oocyte. Instead, PGCs gain their identity later, at approximately the early gastrulation stage of embryogenesis, by receiving signals driven by zygotic gene products in neighboring tissue (Johnson et al., 2011). Thus, for induction, the key to germline fate is extracellular context rather than intracellular content (Figure 1). Much of our knowledge regarding inductive germ cell determination in vertebrates is the result of studies within mammalian systems, particularly in mice, but also in humans, pigs, and cows (Hayashi et al., 2018), and within certain urodele amphibian systems, such as the axolotl (Johnson et al., 2003a). Genes important for PGC induction in these species, including members of the bone morphogenic protein (BMP) signaling pathway (Hammerschmidt and Mullins, 2002; Lochab and Extavour, 2017) and transcription factors such as Tfap2c (Hoffman et al., 2007) and Blimp1/Pdrm1 (Wilm and Solnica-Krezel, 2005), also play crucial roles in the early development of preformative species; however, in the latter, they are associated more broadly with body plan and tissue patterning rather than directing PGC fate. Induction has been proposed to be the ancestral mode of PGC specification, largely due to the presence of preformation in multiple derived lineages (presumably through convergent evolution) whereas induction is often associated with basal phylogenetic branches (Johnson et al., 2003a; Ewen-Campen et al., 2013; Figure 4). In general, the inductive mode of PGC specification requires the coordination of several zygotically driven processes in PGC precursors: repression of somatic fate, activation of germline-associated and pluripotency genes, and epigenetic reprogramming (Kumar and DeFalco, 2017).
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FIGURE 4. Taxonomic tree generated using the NCBI Common Tree Taxonomy Browser and Interactive Tree of Life (Letunic and Bork, 2021) to depict each species or clade referenced in this manuscript. Primordial germ cell (PGC) specification mechanism of each species is indicated according to key.



Mice

In mice, expression of the transcription factors Blimp1/Prdm1, Prdm14, and AP2-gamma/Tfap2c is the earliest known signature of PGC specification, at approximately embryonic day 6.25 (early gastrulation) (Kojima et al., 2014; Figure 5). Expression of these transcription factors is thought to be induced by a combination of signaling events, including the secretion of bone morphogenetic protein 4 (BMP4) from nearby cells in the extra-embryonic ectoderm and the simultaneous expression of WNT3 in the posterior visceral endoderm of the epiblast (Magnúsdóttir and Surani, 2014). Together, BLIMP1/PRDM1, PRDM14, and AP2-gamma/TFAP2C promote the expression of certain germline-specific genes, such as Nanos3, and repress genes involved in somatic differentiation, such as the Hox family genes (Magnúsdóttir et al., 2013). By embryonic day 7.5 (late gastrulation), the complementary processes of somatic program repression and germline gene induction result in the establishment of 30–40 PGCs (Figure 5). PGCs in mice, along with humans and pigs, do not irreversibly commit to germline fate until after migration to the genital ridge, at approximately the tailbud stage, which is relatively late in development compared to germline lineage commitment in preformative species (Nicholls et al., 2019).
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FIGURE 5. Illustration of germline determination timing in the inductive model species Mus musculus (mouse). Note the lack of maternally derived germ plasm in embryos and relatively late onset of primordial germ cell specification at approximately ∼E6.5. Image adapted from Richardson and Faulkner (2017) and available via license: Creative Commons Attribution-Non-Commercial 4.0 International.




Axolotl

Embryological studies of the Mexican salamander Ambystoma mexicanum (axolotl) dating back to the mid-20th century established that PGC fate can be induced in axolotl embryos from animal cap (primitive ectoderm) tissue (Smith, 1964; Kocher-Becker and Tiedemann, 1971; Boterenbrood and Nieuwkoop, 1973; Sutasurja and Nieuwkoop, 1974; Maufroid and Capuron, 1977; Michael, 1984), and are not readily identifiable through histological means until the establishment of the lateral mesoderm (Humphrey, 1925). Although the axolotl Dazl homolog (Axdazl) is expressed maternally, its RNA is not specifically localized in oocytes and remains widely distributed until after PGC migration to the developing gonad, suggesting against preformation as the mode of PGC specification (Johnson et al., 2001). However, the issue was not definitively settled until 2014, when Chatfield and colleagues confirmed that the fibroblast growth factor (FGF)- and BMP4-driven signaling pathways are responsible for PGC induction in axolotl embryos. As is the case in mice, axolotl PGC development begins with embryonic intercellular signaling (albeit involving mesodermal precursors in the ventral marginal zone as opposed to extra-embryonic ectoderm in mice) that stimulates the transcription of conserved germline-specific factors, such as dazl and vasa, and requires the simultaneous suppression of somatic fate (Chatfield et al., 2014). Similarly to other mice and other inductive vertebrates, axolotl PGCs do not appear to irreversibly commit to germline fate until a much later stage of development than in preformative animals, with germline commitment occurring after gastrulation at approximately the tailbud stage, when many somatic lineages have already been established (Chatfield et al., 2014; Nicholls et al., 2019).



CONSERVED GENE FAMILIES CRITICAL FOR PGC SPECIFICATION ACROSS DIVERGENT SPECIES AND DIFFERENTIATION MECHANISMS

Some of the most striking characteristics shared between the two main PGC specification pathways, preformation and induction, include the prevalence of conserved germline genes (Juliano et al., 2010; Lesch and Page, 2012). Although there is also evidence of tolerance to variation, with several examples of apparent species- or genus-specific PGC genes (see section “Discussion”), here we will focus on a handful of gene families common in germline research: DAZ (Deleted in Azoospermia) genes, nanos-related genes, and DEAD-box RNA helicases. These gene families were selected based on the vast abundance of information available about them within the scientific literature and their established importance in PGC specification and reproductive processes across diverse animal species. Molecular products of these genes are also notable for their involvement in germ cell maintenance and gametogenesis, including progression through meiosis (Kotov et al., 2014; Fu et al., 2015; De Keuckelaere et al., 2018). Additionally, these genes have been shown to have sexually dimorphic functions during germ cell and gonadal development (Kraemer et al., 1999; Raz, 2000; Xu et al., 2001; Tsuda et al., 2003; Abdelhaleem, 2005; Saga, 2008; Lasko, 2013; Fu et al., 2015). This list is not exhaustive; due to space limitations, we are omitting other notable conserved PGC-related gene families, such as PIWI/Tudor genes and the recently characterized GCNA (Germ Cell Nuclear Antigen) gene family (Siomi et al., 2010; Carmell et al., 2016; Bhargava et al., 2020). However, the three selected gene families, DAZ (Deleted in Azoospermia) genes, nanos-related genes, and DEAD-box RNA helicases, provide an informative illustration of the deep evolutionary relationship between PGC specification pathways even amongst disparately related species.


DAZ (Deleted in Azoospermia) Genes

The Daz family is an ancient and broadly conserved group of genes that play a particularly prominent role in animal PGC and/or germ cell development, regardless of specification mode (Xu et al., 2001). In general, proteins encoded by DAZ family genes contain at least one conserved stretch of 24 amino acids rich in Asn, Tyr, and Gln residues, known as a DAZ repeat, and an RNA recognition motif (RRM) (Fu et al., 2015). DAZ genes are split into three branches: (1) Boule, the ancestral form, is conserved across metazoans; (2) DAZ-like (Dazl) is conserved across vertebrates; and (3) DAZ is only present in certain primates, including humans. Depending on the species and developmental stage, each DAZ family gene may contribute to germ cell specification in a slightly different way. In humans, mutation and/or deletion of any of the four DAZ genes on the Y chromosome often lead to low or absent sperm concentration and is the leading cause of male infertility (Yen et al., 1997; Fu et al., 2015). However, out of the three branches of DAZ family genes, only Dazl is thought to be widely necessary throughout the entirety of germ cell development, including in germline progenitors, within vertebrate species (Xu et al., 2001; Smorag et al., 2014; Fu et al., 2015; Figure 6).
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FIGURE 6. Expression summary for the DAZ family genes Boule, Daz, and Dazl across stages of primordial germ cell specification and gametogenesis in selected model organisms. Image adapted from Xu et al. (2009) and available via CC-BY license.


Although molecular evidence related to PGC specification in non-model mammalian species is scarce, overexpression of Dazl in pig and goat somatic stem cells enhanced in vitro transdifferentiation into germline lineage and entry into meiosis (Liu et al., 2009; Park et al., 2013; Yan et al., 2015). These results, together with studies in mouse Dazl mutants, suggest that Dazl may be broadly active in these roles across most, if not all, mammalian species. Dazl RNA is also present in germ cell development in inductive non-mammalian vertebrate species, as evidenced by its expression in the PGCs and/or germ cells in Chinese soft-shell turtles (Xu et al., 2018) and axolotls (Johnson et al., 2001) although evidence of its functional roles during pre-meiotic stages of PGC development is lacking in these species.

Dazl is also a key contributor to PGC development in preformative vertebrate species. Maternally inherited dazl mRNA is a well-established component of germ plasm in amphibians and fish, with detailed reports of its localization in the model species Xenopus laevis (Houston et al., 1998) and Danio rerio (Maegawa et al., 1999; Theusch et al., 2006) in addition to observations in a multitude of other preformative species, such as Pelophylax (Rana frogs) (Marracci et al., 2011) and Odontobutis potamophila (dark sleeper fish) (Zhu et al., 2018). Depletion of maternal dazl mRNA in Xenopus causes reduced PGC numbers in adolescent animals (Houston and King, 2000); similarly, in medaka, knockdown of maternal Dazl protein via antibody neutralization led to reduced PGC formation (Li et al., 2016). Despite the differences between the performative and inductive mechanisms of PGC specification, these phenotypes in frogs and fish ultimately resemble the outcome of DAZL loss in mice and humans: germ cell loss and reduced fertility (Zagore et al., 2018).



Nanos-Related Genes

As with the DAZ family, Nanos-related genes are also omnipresent in PGC development across both inductive and preformative species (De Keuckelaere et al., 2018). Initially described in Drosophila (Wang and Lehmann, 1991), one or more copies of germline-associated Nanos genes have also been identified across all investigated animal species, including invertebrates (Juliano et al., 2010), basal vertebrate species (Gribouval et al., 2018), and model vertebrates mice (Tsuda et al., 2003), axolotl (Chatfield et al., 2014), Xenopus (Mosquera et al., 1993; MacArthur et al., 2000), and zebrafish (Köprunner et al., 2001). Nanos RNA is a maternally inherited germline determinant and component of germ plasm in most known preformative species and localizes to PGCs via a conserved sequence in its 3′UTR (Škugor et al., 2014). Nanos RNA is regulated by other genes associated with PGC development, such as the vertebrate-specific protein Dead-end 1 (Dnd1). In zebrafish, Dnd1 recognizes a site within the nanos 3′UTR and protects nanos RNA from miR430-dependent degradation in the developing germline (Kedde et al., 2007), while Dnd1 in Xenopus appears to promote the translation of Nanos protein after fertilization (Aguero et al., 2017).

Nanos proteins are required for PGC survival during zygotic stages of embryogenesis and maintenance of oocyte production during adulthood in both preformative and inductive species, such as Drosophila, mice, and zebrafish (Draper et al., 2007). As a group, Nanos proteins contain a conserved C-terminal (CCHC)2 zinc finger motif which enables them to bind a variety of RNAs and proteins (Curtis et al., 1997; De Keuckelaere et al., 2018). Pumilio, an RNA-binding protein and founding member of the PUF family, is one well-characterized example of a Nanos binding partner (Zamore et al., 1997; Nakahata et al., 2001; Jaruzelska et al., 2003). Nanos and Pumilio proteins form a translation repressor complex, best described in the preformative species Drosophila but also conserved in the inductive germline development of humans, that promotes germ cell maintenance by preventing somatic gene expression and apoptosis in PGCs (Forbes and Lehmann, 1998; Jaruzelska et al., 2003; Weidmann et al., 2016).



DEAD-Box RNA Helicases

Perhaps the most well-known molecular marker of the germline is the DEAD-box RNA helicase Vasa/DDX4 (Gustafson and Wessel, 2010; Hickford et al., 2011). Vasa/DDX4, as with all DEAD-box proteins, contains multiple conserved motifs spanning two main functional domains that enable ATPase and RNA helicase activity. Phase-separated perinuclear Vasa/DDX4 protein granules are a tell-tale marker of germ cells in both preformative and inductive animal species (Gustafson and Wessel, 2010). Although these Vasa/DDX4-positive perinuclear granules generally form after the specification of PGCs, with functions more closely associated with meiosis, they may also support PGC migration and proliferation (Raz, 2000; Kistler et al., 2018).

Maternally inherited vasa/ddx4 mRNA is highly expressed as a germ plasm component in zebrafish embryos (Yoon et al., 1997) along with model invertebrate preformative species such as Drosophila and C. elegans. In contrast, in the Japanese rice fish Oryzias latipes (medaka), neither transcripts nor protein encoded by the vasa homolog olvas exhibit germ plasm localization in cleavage stage embryos. This finding was so unexpected that it initially called into question whether or not medaka specify their PGCs via preformation (Shinomiya et al., 2000; Kurokawa et al., 2006). However, electron micrographs of 4-cell stage medaka embryos revealed electron-dense structures highly characteristic of germ plasm appearance in cleavage furrows, and perturbations of BMP2 signaling did not impact PGC number – two pieces of evidence that strongly suggested that medaka do indeed undergo preformation instead of induction, but just happened to lack germ plasm-associated vasa/ddx4 (Herpin et al., 2007). The Xenopus vasa/ddx4 homolog, Xvlg1, also lacks distinctive germ plasm localization, with expression in both somatic and germ cells, but mRNA from a different DEAD-box RNA helicase, DEADSouth/ddx25, is localized to Xenopus germ plasm and required for PGC development (MacArthur et al., 2000; Yamaguchi et al., 2013). In mammals, such as mice and humans, Vasa/DDX4 protein is expressed in migrating PGCs and exhibits sexually dimorphic functions in germ cells during gametogenesis (Fujiwara et al., 1994; Castrillon et al., 2000; Tanaka et al., 2000; Noce et al., 2001). Vasa/DDX4 and another DEAD-box RNA helicase, GRTH/DDX25, are associated with granular nuage-like structures in mammalian spermatogenic cells and required for spermatogenesis and male fertility (Tanaka et al., 2000; Tsai-Morris et al., 2010; Tutak and Rozwadowska, 2020).



DISTRIBUTION OF GERM CELL DETERMINING SYSTEMS ACROSS PHYLOGENY

Although much of what is known about germ cell determination in vertebrate species has been garnered from studies involving model developmental systems, there is also an ever-increasing amount of information gained from less commonly used vertebrate models. Here, we first summarize what is known (and still unknown) about the distribution of germ cell determining systems amongst diverse species in each of the five major vertebrate classes. We also briefly address the distribution of germ cell determining systems in invertebrate lineages, including Drosophila and C. elegans, in addition to a broad survey of other invertebrate species, from tunicates to tardigrades.


Amphibians

Amphibians are categorized into three phylogenetic classes: Anura (frogs and toads), Urodela (salamanders and newts), and Gymnophiona (caecilians) (Figure 7). As with Xenopus frogs (see section “Xenopus”), many other anuran amphibians, such as Rana temporaria (European common frog), R. pipiens (Northern leopard frog), Bufo bufo (Common toad), Discoglossus pictus (Mediterranean painted frog), and Eleutherodactylus coqui (Common coquí) exhibit the molecular markers characteristic of the preformation system of germline specification (Bounoure et al., 1954; Smith, 1966; Czolowska, 1969; Elinson et al., 2011). In all of these species, the dense granules characteristic of maternally inherited germ plasm are promptly apparent following fertilization at the vegetal pole, and germ plasm masses are asymmetrically inherited by a subset of embryonic cells, presumptive PGCs, which give rise to the eventual germline (Smith, 1966; Czolowska, 1969).
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FIGURE 7. Cladogram depicting the general evolutionary relationships between major vertebrate classes, invertebrate chordates (tunicates), and non-chordate metazoans. Animal graphics adapted from the Noun Project (https://thenounproject.com/) and available via CC-BY license.


Unlike anuran species, which have been found to use the preformation mechanism for PGC specification, studies in axolotl salamanders suggest urodele amphibians use induction to specify PGCs (see also above, section “Axolotl”). Further supporting the assumption that urodele amphibians as a group do not possess germ plasm, a lack of maternal Dazl RNA localization during early embryogenesis had previously been reported in at least one other urodele species, Cynops pyrrhogaster (Japanese newt) (Tamori et al., 2004). The germline specification system used by the snake-like, limbless caecilians, members of the amphibian class Gymnophiona, is currently unknown. Caecilians are considered a basal lineage relative to both urodeles and anurans, so knowledge of their PGC determination mechanism could be particularly useful from an evolutionary perspective.



Avian and Non-avian Reptiles

In modern phylogenetic contexts, reptiles and birds are grouped into the monophyletic class Reptilia (Figure 7). As with the class Amphibia, the bulk of embryological and gene expression evidence suggests that a subset of Reptilia, including avian species, specify germ cells via preformation, whereas at least some non-avian reptiles use the inductive mechanism (Figure 4).

In 2000, the identification and subsequent localization studies of chicken Vasa homolog (CVH) (Tsunekawa et al., 2000) in chicken embryos provided strong evidence of an avian species using preformation to specify germline cells. Reminiscent of germ plasm aggregate localization in the cleavage furrows of zebrafish and Xenopus embryos, maternally inherited CVH protein accumulates within the first cleavage furrow of chicken embryos and is asymmetrically inherited into a small subset of cells (∼6–8 out of 300) as embryonic development progresses. These cells, the presumptive PGCs, proliferate and subsequently circulate through the vascular system and migrate to the germinal ridges where they initiate gonadogenesis (Tsunekawa et al., 2000; Nakamura et al., 2013; Kim and Han, 2018).

Another PGC marker, DAZL RNA, was found to be specifically localized in chicken oocytes and embryonic cleavage furrows, further supporting the conclusion that chicken specify PGCs via maternal inheritance of germline determinants, rather than induction (Lee et al., 2016). Research involving germ cell development in other avian species, such as quail, duck, pheasant, and guinea fowl have primarily been in the context of isolation and in vitro production of PGCs in hopes of generating long-term PGC culture systems and transgenic progeny, rather than elucidating the early mechanistic details of germ plasm aggregation and maintenance (Reynaud, 1981; Ono et al., 1996; Kang et al., 2008; Wernery et al., 2010; van de Lavoir et al., 2012; Chen et al., 2019). Analysis of PGC specification in vitro, integrated with emerging studies in developing embryos, should provide valuable insight into avian germline specification.

In contrast to avian reptiles, research in turtle (Trachemys scripta) oocytes demonstrated that dazl and vasa are not localized, unlike the specific localization pattern during oogenesis of preformative animals. Additionally, identification of turtle PGCs originating in the posterior crescent (reptilian embryonic equivalent of mammalian early posterior primitive streak), as opposed to during the cleavage stages, provided suggestive evidence of the inductive system of germ cell specification (Bachvarova et al., 2009b). This was further supported by similar findings of posterior localization of PGCs in a lizard (Lacerta vivipara), while other species of lizards exhibited PGC localization in both the posterior and anterior crescents. PGC localization in snake (Vipera aspis) embryos more closely resemble their progression in birds, leading some to propose that snakes may also specify germline fate via the preformation mode instead of induction (Bachvarova et al., 2009a; Bertocchini and Chuva de Sousa Lopes, 2016). The PGC specification system in crocodilians, which are more closely related to birds than other reptiles such as lizards, is unknown.



Fish

Fish, the most abundant vertebrate group, can be split into three major classes: Agnatha (jawless fish, e.g., lamprey), Chondrichthyes (cartilaginous fish, e.g., sharks), and Osteichthyes (bony fish, e.g., salmon) (Figure 7). Much of what we know about germ cell development in fish is the result of studies of a handful of species within the teleost clade of bony fish, which represents an estimated 96% of the approximately 30,000 known living fish species (Volff, 2005). In addition to extensive experimental evidence of maternally derived germ plasm in zebrafish, similar signatures of localized maternal determinants have been identified in at least a dozen other teleost fish spanning hundreds of millions of years of evolutionary history, including Salmo salar sebago (Atlantic salmon), Acipenser sinensis (Chinese sturgeon), Oryzias latipes (Japanese rice fish/medaka) (Saito et al., 2004; Herpin et al., 2007; Škugor et al., 2016). In addition to teleosts, there are two other infraclasses of bony fish: Holostei (bowfin and gars) and Chondrostei (sturgeons and birchirs) (Figure 7). The identification of localized germ plasm RNA in multiple sturgeon species suggests that Chondrostei use preformation for germ cell specification (Saito et al., 2014). In holosteans, which are more closely related to teleosts than chondrosteans, the distribution of germ cell specific RNAs has not yet been described. In some basal fish species, such as lungfish and coelacanths, evidence of germ plasm localization in oocytes and early embryos is also lacking and requires further investigation (Johnson et al., 2003a). The PGC specification method used by non-bony fish (jawless or cartilaginous) is also currently unknown.



Mammals

Placental mammals, or eutherians, is the largest group of extant mammalian species, including humans, rodents, and others that serve as models for various biological processes. As with mice, induction of PGC specification in rats (Kobayashi et al., 2020) involves the expression of signaling molecules from embryonic tissues, including the extra-embryonic ectoderm. Non-rodent placental mammals, such as humans, pigs, and rabbits, do not form extra-embryonic ectoderm tissue during embryogenesis, yet still specify their germ cells via induction. Human PGC specification in vivo has historically been more challenging to address than in mice, primarily due to the ethical and logistical concerns inherent to studying a prenatal process, thus, much that is known has been achieved through research involving induced pluripotent stem cells (Kobayashi and Surani, 2018). Through these studies, it is now known that several genes in the PGC specification pathway are shared by both mice and humans, such as BMP, WNT, PRDM14, although the molecular targets and roles of these genes are not always conserved between species (Sybirna et al., 2020). Zygotically expressed Dazl in the gonads of mice, humans, and pigs seems to be required for germline commitment and maintenance, suggesting that this role might be conserved across most, if not all, placental mammals (Nicholls et al., 2019).

As the vast majority of mammalian germ cell determination studies have been done in placental mammals, there is reasonable interest in uncovering the mechanism(s) used by monotremes and marsupials. In particular, monotremes, which lay eggs, diverge significantly with their reproductive strategy from other mammalian species. However, egg laying as a reproductive trait does not necessarily correlate with one PGC specification system over the other, since, as mentioned above, there are examples of egg laying species in both preformative and inductive categories. Despite being biologically interesting, resolving the PGC specification method in monotremes may not be feasible without the development of organoids/embryoids due to the critically endangered status of the only two living monotreme species, platypus and echidnas.

Marsupials, which as therian mammals are more closely related to placentals than the monotremes, pose a more realistic opportunity for PGC research. Intriguingly, transmission electron micrographs of four-cell stage embryos from the marsupials Sminthopsis macroura (Stripe-faced dunnart) and Trichosurus vulpecula (Common brushtail possum) revealed “nucleolus-like” aggregates of granular electron-dense material in the cytoplasm noted by the authors as bearing resemblance to germ plasm or nuage, albeit not localized to any specific cellular structure (Frankenberg and Selwood, 1998; Kress and Selwood, 2003). However, to our knowledge, there is no molecular evidence that germ plasm markers are localized to these electron-dense aggregates, nor evidence that these structures are retained in future PGCs. As with all other animal species investigated, the broadly conserved germline-specific RNA helicase DDX4/Vasa RNA and/or protein has been identified in several marsupial species, including tammar wallaby and opossum, and in the platypus (a monotreme). Oddly, ddx4 mRNA is expressed at the 16 – 32 cell stages of tammar wallaby embryonic development but not at any other prenatal stage, and immunohistochemistry of PGCs within fetal gonads did not detect DDX4 protein. However, DDX4 protein is present during all stages of tammar wallaby postnatal oogenesis, and both ddx4 mRNA and protein are highly expressed in the adult testes of tammar wallabies, in addition to platypuses and echidnas (Hickford et al., 2011). Ultimately, beyond these expression-based studies, not much is known about germline determination in neither marsupials nor monotremes, leaving much room for future investigation and potential insights into the evolution of PGC specification systems.



Invertebrates

Although this review is written with a focus on vertebrates, we would be amiss to not briefly address the immense diversity of germ cell developmental programs in invertebrates, particularly in non-model species (for a thorough review of germline determination in model invertebrates, see Strome and Lehmann, 2007).


Arthropods

The largest clade of invertebrates, the Arthropoda phylum, encompasses the model system Drosophila, along with other insects, arachnids, myriapods, and crustaceans. Relative to other invertebrate phyla, a remarkable number of arthropod species have had their PGC determination mode characterized. Examples of both preformative species (such as Drosophila melanogaster) and inductive species (Gryllus crickets) have been observed within Arthropoda, and members of this phylum have been used extensively for systematic investigations into the evolutionary history of PGC specification methods (Ewen-Campen et al., 2013; Donoughe et al., 2014; Nakamura and Extavour, 2016). In addition to Drosophila, examples of arthropods with preformation established as their germline determining system include Acyrthosiphon pisum (pea aphid) (Chang et al., 2006) and Nasonia vitripennis (parasitic wasp) (Quan et al., 2019). In these species, maternally inherited germ plasm (also called pole plasm) components asymmetrically localize to the posterior of developing embryos, either as numerous small granules such as in Drosophila (Figures 2B,B’) and A. pisum, or as a single large spherical mass (oosome) in N. vitripenni (Figures 2C,C’; Quan et al., 2019). Subsequently, they are segregated into the germline lineage. Ablation of these asymmetrically localized determinants impairs fertility in all three species.

Embryos of another parasitic wasp species, Pimpla turionellae, also possess all the characteristics typical of a preformative organism, with localized maternally inherited granules that segregate to the germline (Bronskill, 2011). However, ablation of the germ granules did not prevent germ cells from being specified and resulted in normal fertility in the adult organism (Achtelig and Krause, 1971). The molecular pathway underlying this apparent compensatory mechanism is unclear, but a similar phenomenon has also been observed in non-arthropod invertebrates such as sea urchins (Yajima and Wessel, 2011) and C. elegans (Gallo et al., 2010). More analysis is needed to assess whether this may hint at the (current and/or ancestral) co-existence of dual PGC specification mechanisms within the same species.

Induction is the prevalent germline determination mechanism in the majority of other studied arthropod species, including Apis mellifera (Western honey bee), Gyllus bimaculatus (field cricket), Oncopeltus fasciatus (milkweed bug), and Parasteatoda tepidariorum (American house spider). Embryological and molecular studies using field crickets demonstrated that BMP and Blimp-1 signaling are key contributors to PGC specification in these insects, as is the case in mice (Lawson et al., 1999; Donoughe et al., 2014; Nakamura and Extavour, 2016). The use of induction, rather than preformation, in some of these basal arthropod species, such as G. bimaculatus, is often cited as evidence for induction being an ancestral PGC specification mechanism (Ewen-Campen et al., 2013; Donoughe et al., 2014; Nakamura and Extavour, 2016), although there are still many unexplored avenues for insight into the evolutionary history of this process.



Non-arthropod Invertebrates

Outside of Arthropoda, the nematode worm Caenorhabditis elegans represents the vast majority of detailed PGC specification research (reviewed in Wang and Seydoux, 2013). In C. elegans, PGCs are specified very early in embryogenesis through the preformative method, at least partially driven by the inheritance of maternally inherited germline determinants called P-granules. The P-granules, which consist of several RNA-binding proteins and RNAs, localize to a single blastomere which gives rise to the germline lineage (Figure 2A). Unlike the case in Drosophila (Nüsslein-Volhard et al., 1987; Santos and Lehmann, 2004), disrupted localization of P-granules does not cause sterile adults (Gallo et al., 2010). On the other hand, simultaneous knockdown of four RNA-binding proteins (PGL-1, PGL-3, GLH-1, and GLH-4) that mediate P-granule assembly can cause germ cells to erroneously exhibit somatic characteristics (Updike et al., 2014). Beyond C. elegans, some aspects of PGC specification and development have been reported in various non-arthropod invertebrates but a comprehensive understanding of how these systems are distributed is still lacking.

Members of Echinodermata, a sister Deuterostome taxon to Chordata, include various species of aquatic animals such as sea urchins and sea stars. To date, germ plasm has not been definitively identified in any echinoderm species, but the sMic (small micromere) lineage in cleavage-stage sea urchin embryos has been shown to accumulate maternal germline determinants Vasa and Nanos (Juliano et al., 2006; Yajima and Wessel, 2011). However, all other studied echinoderms lack the sMic cell lineage entirely (Wessel et al., 2014), and the distribution of preformation or induction across Echinodermata remains to be determined.

Outside of Deuterostoma, Chaetognaths (arrow worms, marine predatory worms), which are hermaphroditic, exhibit strong molecular evidence of preformation; in the embryos of multiple chaetognath species, a large, Vasa protein-containing germ plasm mass localizes to the first cleavage furrow and is subsequently asymmetrically segregated to the developing germline (Carré et al., 2002). Unlike Chaetognaths, tardigrades, which are phylogenetically situated between nematodes and arthropods, are thought to use induction because of apparent determination of PGCs through cell-cell signaling interactions just before gastrulation (Hejnol and Schnabel, 2005). Although the mode(s) of specification is currently unknown for species within the basal lineages ctenophora and cnidaria, genes involved in PGC development across species, such as Vasa, have been successfully used as molecular markers of germ cells in the cnidarian coral species Acropora tenuis (Tan et al., 2020).



Invertebrate Chordates

In addition to vertebrates, there are two extant invertebrate lineages of chordate animals: Cephalochordata and Tunicata. Tunicates are considered the closest evolutionary relatives of vertebrates, followed by the cephalochordates. There is evidence of preformation in certain cephalochordates, also known as amphioxus or lancelets, in the form of specific localization of conserved germline determinants nanos, vasa, and tudor7 RNAs during early embryogenesis (Wu et al., 2011; Zhang et al., 2013). Tunicates are also thought to be preformative animals largely due to the identification of putative germ plasm in the species Ciona intestinalis (Fujimura and Takamura, 2000; Takamura et al., 2002). As with other preformative species, C. intestinalis germ plasm components, including Vasa protein, localize asymmetrically within the developing embryo, first to the posterior/vegetal pole of the fertilized egg and eventually to a subset of blastomeres that will give rise to the rest of the germline (Shirae-Kurabayashi et al., 2006).



Potential Malleability of PGC Determination Systems: Considerations and Consequences Across Phylogenetic Space

Previous work has highlighted that, despite the widespread presence of the preformative PGC specification mechanisms in multiple independent lineages within vertebrates, basal branches within those same lineages exhibit an inductive mode of PGC specification; for example, turtles within the avian/reptilian lineage, urodele salamanders within Amphibia, and potentially sarcopterygians (coelacanths and lungfish) within the fish lineage use the inductive mode of specification (Johnson et al., 2003b; Johnson and Alberio, 2015). This has led to the suggestion that, at least within vertebrates, induction is the ancestral system of PGC specification, and that preformation has arisen repeatedly through apparent convergent evolution (Extavour, 2007; Johnson et al., 2011). Such convergent evolution would be presumably driven by a strong selective advantage of preformative systems as an effective means of PGC specification, perhaps in the context of rapid cell cleavage cycle. Additionally, there may be shared embryonic features that facilitate such convergent evolution of germ plasm inheritance. Although inherited as distributed particles, germ plasm components aggregate at the furrows in fish, amphibians, and birds, and this conserved feature could be facilitated by the co-option by a germ plasm particles aggregation system of already-existing mechanisms that establish the cellular furrow during cell division (Moravec and Pelegri, 2020). In this case, aggregation of germ plasm particles may rely on mechanisms similar to those acting in furrow induction (Glotzer, 2004; D’Avino et al., 2005; Theusch et al., 2006; Pollard, 2010; Nair et al., 2013; Eno et al., 2018) such as the convergence of signals at the growing ends of astral microtubules from both sides of the bipolar spindle. Thus, underlying cellular mechanisms may provide a favorable cellular landscape for the emergence, through convergent evolution, of similar germ plasm recruitment mechanisms.

In later stages of development in preformative vertebrates and invertebrates, many germ plasm RNAs are found at the nuclear envelope. This perinuclear accumulation of germline determinants, long recognized as associated with germ cells and initially termed “nuage,” is shared between preformative and inductive species (Gao and Arkov, 2013; Kulkarni and Extavour, 2017). Such conservation suggests that the nuclear envelope localization of germ cell-specific particles is a key feature required for the specification of the PGC state, possibly through local changes that can influence nuclear gene expression (Updike et al., 2011; D’Orazio et al., 2021). Presumably maternally inherited germ plasm facilitates PGC specification by providing ready-to-go factors to initiate this process, which constitutes a selective advantage. In support of this hypothesis, in preformative species nuclear envelope-associated germ cell granules appear soon after the dissociation of maternally derived germ plasm and are thus likely formed through the redistribution of products from the germ plasm mass itself (Yoon et al., 1997; Braat et al., 1999; Knaut et al., 2000; Eno et al., 2019). Under this scenario maternally inherited germ plasm components may facilitate establishing a PGC state that is subsequently maintained through zygotic gene function (D’Orazio et al., 2021). The germ plasm as a structure could thus be regarded as an “innovation” to jump-start PGC specification, in the same way that other evolutionary innovations have been proposed to facilitate early somatic development. As a notable example, the maternal gene bicoid is thought to be an innovation in the dipteran lineage that facilitates the formation of anterior structures in the long germ band embryonic development (involving the simultaneous determination of all embryonic segments) characteristic of this lineage (Akam, 1987; Driever and Nüsslein-Volhard, 1988; Barker et al., 2005). Thus, in this scenario, preformative mechanisms of PGC determination may have evolved to enhance the effectiveness of the germ line-soma distinction in early developmental stages. In this sense germ cell specification and its malleability through evolution may parallel morphological and gene expression divergence in somatic cells according to the “hourglass” model of morphological diversification, in which early developmental processes and zygotic gene expression show wide divergence but which nevertheless lead to a conserved “phylotypic” body plan (Duboule, 1994; Hazkani-Covo et al., 2005; Raff, 2006; Cruickshank and Wade, 2008; Heyn et al., 2014; Cutter et al., 2019; Ewe et al., 2020). These divergent early morphological include variable patterns of cell specification that need to be coordinated with patterns of aggregation of germ plasm components.

Previous work has also highlighted that acquisition of germ plasm within a lineage is associated with increased morphological diversification, as reflected by the greater number of branches in vertebrate lineages with preformative PGC mechanisms when compared to basal lineages with inductive PGC mechanisms (Johnson et al., 2003b, 2011; Crother et al., 2007). These has led to the proposal that the presence of germ plasm may decrease restraint to evolutionary changes in the (somatic) body plan compared to inductive mechanisms (Evans et al., 2014; Johnson and Alberio, 2015). In inductive systems, PGC specification depends on somatic structures and potentially even shared signaling factors also required for somatic tissues. Factors of the BMP family, for example, are required for PGC specification in various animals such as mice (Lawson et al., 1999), axolotls (Chatfield et al., 2014), crickets (Donoughe et al., 2014; Nakamura and Extavour, 2016), and colonial tunicates (Kawamura and Sunanaga, 2011), but also have a well-known role in the specification of somatic cell types and the basic embryonic body plan (Tiedemann et al., 2001; Hammerschmidt and Mullins, 2002; Mizutani and Bier, 2008; Lochab and Extavour, 2017; Zinski et al., 2018). In this scenario, changes in the patterning of early somatic structures may adversely affect the PGC specification in inductive species, leading to infertility, hence generating an evolutionary constraint. On the other hand, the ability of germ plasm to induce germ cells in a cell-autonomous manner, according to the inheritance of aggregates of maternally inherited particles, allows animal embryos to carry out germ cell specification independent of somatic development, bypassing this constraint (Crother et al., 2007; Evans et al., 2014; Johnson and Alberio, 2015). However, certain aspects of this hypothesis have been disputed by studies in invertebrate species that demonstrated a lack of evidence for an association between preformation and increased morphological or sequence-based diversification (Whittle and Extavour, 2016, 2017).

An alternative scenario to the hypothesis that germ plasm arose independently in various vertebrate lineages, and which would still be consistent with the observed distribution of PGC specification modes across species, would be the presence of an ancestral “hybrid” mechanism with aspects of both preformation and induction systems. Redundant mechanisms are common for the specification of somatic tissues during embryonic development and are thought to provide developmental robustness (Frankel et al., 2010; Félix and Barkoulas, 2015; Yevick et al., 2019), which can provide selective advantage. Similarly, robustness through pathway redundancy could contribute to assuring germ cell specification. Indeed some animal species, such as C. elegans, appear to have redundant mechanisms of germline determination (Gallo et al., 2010; Strome and Updike, 2015), providing precedent for species that may rely on dual mechanisms for PGC specification. Alternatively, rather than maintaining redundant mechanisms within the same lineage, germ plasm specification modes may be fluid, changing through evolutionary time from preformative to inductive and vice versa. Such redundancy and/or fluidity would be particularly prevalent in early developmental processes, which as stated above are known to change rapidly and may be subject to changes in the underlying genetic network while maintaining a constant output (in this case, PGC specification) through a process conceptually similar to “developmental system drift” (True and Haag, 2001; Ewe et al., 2020). In this scenario, the ancestral branch of the vertebrate clade has the potential to use either mechanism, with some lineages (birds, anurans, and most fish) becoming solely dependent on germ plasm inheritance and others (mammals, urodeles, and some reptiles), having lost that potential. The greater morphological divergence of preformative lineage could be linked to a selective advantage associated with lineages that have an inductive mechanism, with basal lineages, those undergoing the least morphological change, retaining an inductive mechanism. Importantly, independent lineages with inductive mechanisms suggest that losing a preformation mechanism may confer a selectable advantage, perhaps by freeing cellular mechanisms that now become available to other cellular processes, as previously proposed (Cooper et al., 2014; Huang and Mackem, 2014; Lopez-Rios et al., 2014).

Of note, the contrasting hypotheses regarding the evolutionary history of PGC specification mechanisms provide different interpretations for the inductive mechanism observed in placental mammalian lineages. In one case, placental mammalian PGC specification represents an ancestral state that has not acquired the preformative method; in another, it represents a derived state that has lost germ plasm as a mechanism for germline determination. Mammalian development may pose unique circumstances for germ cell determination, such as a relatively slow cell division rate, and the presence of extraembryonic structures may allow mammals to escape potential developmental constraint in the absence of germ plasm. Certainly, greater depth in our understanding of PGC specification broadly, and germ plasm across lineages specifically, will be required to distinguish between various evolutionary scenarios of PGC specification.



CONCLUSION


Looking to the Future: Finding the Way With Non-model Species

As it is likely apparent in the sections above, there is a significant imbalance of information known regarding PGC specification in model vs. “non-model” species. Recent technological advances with particular relevance to developmental genetics, such as the availability of CRISPR-Cas9 mutagenesis, genomic and transcriptomic data from an increased breadth of species, and improved in vitro PGC and/or “embryoid” culturing present new opportunities for previously untenable PGC research pursuits that could improve our understanding of both the function and evolution of PGC-specific genes.

Investigation of germ cell determination in closely related lineages can provide complementary information to what is currently known from studies in distantly related model systems, and may provide a greater understanding of how germline specification may be malleable in the context of development. Practically, this could be accomplished by careful morphological and molecular analysis of PGC development in species closely related to established model organisms. These efforts are already underway in several invertebrate systems, including several Drosophila species (Mahowald, 1977), echinoderms (multiple sea stars, sea cucumbers, and urchins) (Fresques et al., 2016) and with vertebrates such as the Danio and Devario genera within the Danionin fish subfamily (Hansen et al., in press), which could be further extended to establish other “model genera.”

Another potential avenue for further insight into the evolutionary history of germ cell differentiation systems would be characterization of currently unknown germline determination systems in species that represent potential transition points between other developmental or evolutionary categories. For example, members of the egg-brooding “marsupial frog” genus Gastrotheca are anurans and would therefore be predicted to use preformation for germline specification. However, some aspects of the cleavage stages of the Gastrotheca species G. riobambae (Andean marsupial tree frog) bear more resemblance to urodeles and even mammalian embryos than to anurans, exhibiting a remarkably slow first cleavage (∼12 h in G. riobambae vs. 1.5 h in Xenopus), and lack of an obvious mid-blastula transition (Elinson and del Pino, 2012). Other candidates that could be prioritized for investigation into PGC determination systems include the Tuatara (Sphenodon punctatus – the sole extant member of the reptilian order Rhynchocephalia), egg-laying mammals, such as the platypus and echidnas, due to their dramatically divergent reproductive strategies from other mammalian species, and cartilaginous fishes, such as sharks and rays, which are understudied in relation to bony fishes. Each of these proposed candidates represent potentially enlightening “transition” points in evolutionary history; clades of animal life that are often overlooked when compared to their relatives in more commonly studied lineages.



Molecular Paths for Inquiry Into the Evolutionary History of Germline Specification

It has been proposed that preformation and induction represent ends of a spectrum of germline determination mechanisms, rather than exclusionary options (Seervai and Wessel, 2013). The ubiquity of certain gene families, such as Daz, Nanos, and Vasa/DDX4, seems to hint at deeply rooted similarities. Accordingly, in addition to identifying the PGC determination system of less commonly studied species, molecular characterization of the key players and their functions across a wide range of species will also be important goals in any attempt to better understand the evolutionary history of PGC specification.

Of course, in the journey of scientific inquiry, insights can often originate from a study of contrasts rather than similarities. The idea that genes involved in reproduction evolve rapidly in relation to other types of genes has been suggested by several groups, and accordingly, we can see variation between species, particularly within animals that use the preformation method of PGC specification. Some gene products involved in the preformative method of germline development are examples of specialized duplicates of genes well known for other physiological processes; for example, an apparently teleost-specific carbonic anhydrase (ca15b) is a component of zebrafish germ plasm (Wang et al., 2013; Hartwig et al., 2014). Other PGC-related genes appear to be species-specific and defy simple characterization. For example, Germes, a gene whose RNA and protein products are critical components of germ plasm in Xenopus laevis, does not have a known gene homolog in any currently sequenced non-Xenopus species (Berekelya et al., 2003). Careful examination of these exceptional molecular players may lead to a more comprehensive understanding of what precisely is necessary for successful formation and maintenance of PGCs, and what aspects of this process are tolerant to adaptation.



Concluding Remarks

Primordial germ cells specification as a topic of scientific investigation is rife with potential for discovery. Here, we aimed to summarize decades of foundational work in this field, including embryological and molecular descriptions of preformation and induction as distinct mechanisms of PGC specification. The observation that across animal species, regardless of PGC determination mechanism, PGCs at later stages of development share common features, such as the presence of nuclear envelope-associated germ granules, suggests that preformation and/or induction are alternative means for the very early embryo to initiate a common germ cell pathway. Accordingly, we discuss germline gene families shared by both preformative and inductive species. We also examine the distribution of PGC determination systems across diverse animal lineages, which provides further insights into how such systems may change over evolutionary time while still maintaining the ability to initiate the germline specification program. Indeed, many of the key unresolved questions remaining in the PGC specification field concern the evolutionary history of preformation and inductive mechanisms and are topics of active debate within the research community (Swartz and Wessel, 2015; Whittle and Extavour, 2017; Krishnakumar and Dosch, 2018; Tan and Tee, 2019); for example: (1) What is the underlying reason for the conserved feature of perinuclear germ granules that may help specify the PGC gene expression program? This feature likely reflects a key aspect of germ cell specification that links biophysical features of germ cell ribonucleoparticles, overall cellular structure involving the cytoplasmic-nuclear interphase, and gene expression programs; (2) How do germ plasm components, individually and/or collectively, help initiate PGC specification, if this is indeed the case? Here, it will be important to understand mechanisms of germ plasm dispersal into the cytoplasm, and precisely how maternally inherited germ plasm RNAs, prior to and during dispersal, facilitate the activation of the germ cell gene expression program, possibly at least in part through translational regulation cascades; (3) What factors have contributed to the repeated, independent evolution of germ plasm, or alternatively, to shifting its existence and function across lineages? Germ plasm malleability across phylogenetic space may involve biophysical properties of germ plasm as adaptable biocondensates, which provides potential both at the level of reorganization of the biocondensate itself and with its interaction and response to a dynamic cytoskeleton; (4) What is the precise evolutionary history of PGC determination across phylogenetic space? Further knowledge of genomic and expression data across various model and non-model organisms, coupled to computational phylogenetic analysis of evolutionary processes will provide insight in this important question; (5) How do mechanisms of PGC determination shift through evolutionary time? This question will integrate modes of inheritance across phylogeny with embryonic and other developmental innovations, additionally in the context of the potential and constraints conferred by dynamic properties of germ granules/biocondensates. In the years to come, we anticipate and look forward to new insights into those subjects, particularly when considering the essential goal common to all PGC specification systems: development of the germline and, ultimately, reproduction.



AUTHOR CONTRIBUTIONS

CH wrote the manuscript and designed/compiled the figures. FP provided the critical feedback and edits. Both authors contributed to the conceptualization of this work.



FUNDING

Funding was provided by NIH grants to CH (GM007133) and FP (GM065303). Additional funding was provided by the UW-Madison Laboratory of Genetics and UW-Madison Graduate School.



ACKNOWLEDGMENTS

We thank past and current members of the Pelegri lab for the many thought-provoking conversations and questions that contributed to this work. We are grateful to Alex Murphy, Ryan Trevena, Dr. Marc Chevrette, and Dr. Cara Moravec for critical reading and suggestions.



REFERENCES

Abdelhaleem, M. (2005). RNA helicases: regulators of differentiation. Clin. Biochem. 38, 499–503. doi: 10.1016/j.clinbiochem.2005.01.010

Achtelig, M., and Krause, G. (1971). [Experiments on the uncleared egg of Pimpla turionellae L. (Hymenoptera) for the functional analysis of the oosome region]. Wilhelm Roux Arch. Entwickl. Mech. Org. 167, 164–182. doi: 10.1007/BF00577038

Aguero, T., Kassmer, S., Alberio, R., Johnson, A., and King, M. L. (2017). Mechanisms of vertebrate germ cell determination. Adv. Exp. Med. Biol. 953, 383–440. doi: 10.1007/978-3-319-46095-6_8

Akam, M. (1987). The molecular basis for metameric pattern in the Drosophila embryo. Development (Camb. Engl.) 101, 1–22.

Al-Mukhtar, K., and Webb, A. (1971). An Ultrastructural study of primordial germ cells, oogonia and early oocytes in Xenopus Laevis. J. Embryol. Exp. Morphol. 26, 195–217.

Bachvarova, R. F., Crother, B. I., and Johnson, A. D. (2009a). Evolution of germ cell development in tetrapods: comparison of urodeles and amniotes. Evol. Dev. 11, 603–609. doi: 10.1111/j.1525-142X.2009.00366.x

Bachvarova, R. F., Crother, B. I., Manova, K., Chatfield, J., Shoemaker, C. M., Crews, D. P., et al. (2009b). Expression of Dazl and Vasa in turtle embryos and ovaries: evidence for inductive specification of germ cells. Evol. Dev. 11, 525–534. doi: 10.1111/j.1525-142X.2009.00360.x

Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017). Biomolecular condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18, 285–298. doi: 10.1038/nrm.2017.7

Barker, M. S., Demuth, J. P., and Wade, M. J. (2005). Maternal expression relaxes constraint on innovation of the anterior determinant, bicoid. PLoS Genet. 1:e57. doi: 10.1371/journal.pgen.0010057

Berekelya, L. A., Ponomarev, M. B., Luchinskaya, N. N., and Belyavsky, A. V. (2003). Xenopus Germes encodes a novel germ plasm-associated transcript. Gene Expr. Patterns 3, 521–524. doi: 10.1016/s1567-133x(03)00055-3

Bertocchini, F., and Chuva de Sousa Lopes, S. M. (2016). Germline development in amniotes: a paradigm shift in primordial germ cell specification. Bioessays 38, 791–800. doi: 10.1002/bies.201600025

Bhargava, V., Goldstein, C. D., Russell, L., Xu, L., Ahmed, M., Li, W., et al. (2021). GCNA preserves genome integrity and fertility across species. Dev. Cell 52, 38–52.e10. doi: 10.1016/j.devcel.2019.11.007

Boke, E., Ruer, M., Wühr, M., Coughlin, M., Lemaitre, R., Gygi, S. P., et al. (2016). Amyloid-like self-assembly of a cellular compartment. Cell 166, 637–650. doi: 10.1016/j.cell.2016.06.051

Bontems, F., Stein, A., Marlow, F., Lyautey, J., Gupta, T., Mullins, M. C., et al. (2009). Bucky ball organizes germ plasm assembly in zebrafish. Curr. Biol. 19, 414–422. doi: 10.1016/j.cub.2009.01.038

Boterenbrood, E. C., and Nieuwkoop, P. D. (1973). The formation of the mesoderm in urodelean amphibians: V. Its regional induction by the endoderm. Wilhelm Roux Arch. Entwickl. Mech. Org. 173, 319–332. doi: 10.1007/BF00575837

Bounoure, L., Aubry, R., and Huck, M.-L. (1954). Nouvelles recherches expérimentales sur les origines de la lignée reproductrice chez la Grenouille rousse. Development 2, 245–263. doi: 10.1242/dev.2.3.245

Braat, A. K., Zandbergen, T., Water, S. V. D., Goos, H. J. T., and Zivkovic, D. (1999). Characterization of zebrafish primordial germ cells: morphology and early distribution of vasa RNA. Dev. Dyn. 216, 153–167. doi: 10.1002/(SICI)1097-0177(199910)216:2<153::AID-DVDY6<3.0.CO;2-1

Bronskill, J. (2011). Embryology of Pimpla turionellae (L.) (Hymenoptera: Ichneumonidae). Can. J. Zool. 37, 655–688. doi: 10.1139/z59-068

Carmell, M. A., Dokshin, G. A., Skaletsky, H., Hu, Y.-C., van Wolfswinkel, J. C., Igarashi, K. J., et al. (2016). A widely employed germ cell marker is an ancient disordered protein with reproductive functions in diverse eukaryotes. ELife 5:e19993. doi: 10.7554/eLife.19993

Carré, D., Djediat, C., and Sardet, C. (2002). Formation of a large Vasa-positive germ granule and its inheritance by germ cells in the enigmatic Chaetognaths. Development 129, 661–670. doi: 10.1242/dev.129.3.661

Castrillon, D. H., Quade, B. J., Wang, T. Y., Quigley, C., and Crum, C. P. (2000). The human VASA gene is specifically expressed in the germ cell lineage. Proc. Natl. Acad. Sci. U.S.A. 97, 9585–9590.

Chang, C.-C., Lee, W.-C., Cook, C. E., Lin, G.-W., and Chang, T. (2006). Germ-plasm specification and germline development in the parthenogenetic pea aphid Acyrthosiphon pisum: vasa and nanos as markers. Int. J. Dev. Biol. 50, 413–421. doi: 10.1387/ijdb.052100cc

Chatfield, J., O’Reilly, M.-A., Bachvarova, R. F., Ferjentsik, Z., Redwood, C., Walmsley, M., et al. (2014). Stochastic specification of primordial germ cells from mesoderm precursors in axolotl embryos. Development (Camb. Engl.) 141, 2429–2440. doi: 10.1242/dev.105346

Chen, Y.-C., Lin, S.-P., Chang, Y.-Y., Chang, W.-P., Wei, L.-Y., Liu, H.-C., et al. (2019). In vitro culture and characterization of duck primordial germ cells. Poult. Sci. 98, 1820–1832. doi: 10.3382/ps/pey515

Cooper, K. L., Sears, K. E., Uygur, A., Maier, J., Baczkowski, K.-S., Brosnahan, M., et al. (2014). Patterning and post-patterning modes of evolutionary digit loss in mammals. Nature 511, 41–45. doi: 10.1038/nature13496

Crother, B. I., White, M. E., and Johnson, A. D. (2007). Inferring developmental constraint and constraint release: primordial germ cell determination mechanisms as examples. J. Theor. Biol. 248, 322–330. doi: 10.1016/j.jtbi.2007.05.035

Cruickshank, T., and Wade, M. J. (2008). Microevolutionary support for a developmental hourglass: gene expression patterns shape sequence variation and divergence in Drosophila. Evol. Dev. 10, 583–590. doi: 10.1111/j.1525-142X.2008.00273.x

Curtis, D., Treiber, D. K., Tao, F., Zamore, P. D., Williamson, J. R., and Lehmann, R. (1997). A CCHC metal-binding domain in Nanos is essential for translational regulation. EMBO J. 16, 834–843. doi: 10.1093/emboj/16.4.834

Cutter, A. D., Garrett, R. H., Mark, S., Wang, W., and Sun, L. (2019). Molecular evolution across developmental time reveals rapid divergence in early embryogenesis. Evol. Lett. 3, 359–373. doi: 10.1002/evl3.122

Cuykendall, T. N., and Houston, D. W. (2010). Identification of germ plasm-associated transcripts by microarray analysis of Xenopus vegetal cortex RNA. Dev. Dyn. 239, 1838–1848. doi: 10.1002/dvdy.22304

Czolowska, R. (1969). Observations on the origin of the “germinal cytoplasm” in Xenopus laevis. J. Embryol. Exp. Morphol. 22, 229–251.

D’Avino, P. P., Savoian, M. S., and Glover, D. M. (2005). Cleavage furrow formation and ingression during animal cytokinesis: a microtubule legacy. J. Cell Sci. 118, 1549–1558. doi: 10.1242/jcs.02335

D’Orazio, F. M., Balwierz, P. J., González, A. J., Guo, Y., Hernández-Rodríguez, B., Wheatley, L., et al. (2021). Germ cell differentiation requires Tdrd7-dependent chromatin and transcriptome reprogramming marked by germ plasm relocalization. Dev. Cell 56, 641–656.e5. doi: 10.1016/j.devcel.2021.02.007

De Keuckelaere, E., Hulpiau, P., Saeys, Y., Berx, G., and van Roy, F. (2018). Nanos genes and their role in development and beyond. Cell. Mol. Life Sci. 75, 1929–1946. doi: 10.1007/s00018-018-2766-3

Dodson, A. E., and Kennedy, S. (2020). Phase separation in germ cells and development. Dev. Cell 55, 4–17. doi: 10.1016/j.devcel.2020.09.004

Donoughe, S., Nakamura, T., Ewen-Campen, B., Green, D. A., Henderson, L., and Extavour, C. G. (2014). BMP signaling is required for the generation of primordial germ cells in an insect. Proc. Natl. Acad. Sci. U.S.A. 111, 4133–4138. doi: 10.1073/pnas.1400525111

Draper, B. W., McCallum, C. M., and Moens, C. B. (2007). Nanos1 is required to maintain oocyte production in adult zebrafish. Dev. Biol. 305, 589–598. doi: 10.1016/j.ydbio.2007.03.007

Driever, W., and Nüsslein-Volhard, C. (1988). The bicoid protein determines position in the Drosophila embryo in a concentration-dependent manner. Cell 54, 95–104. doi: 10.1016/0092-8674(88)90183-3

Duboule, D. (1994). Temporal colinearity and the phylotypic progression: a basis for the stability of a vertebrate Bauplan and the evolution of morphologies through heterochrony. Development 1994(Suppl.), 135–142. doi: 10.1242/dev.1994.Supplement.135

Dziadek, M., and Dixon, K. E. (1977). An autoradiographic analysis of nucleic acid synthesis in the presumptive primordial germ cells of Xenopus laevis. J. Embryol. Exp. Morphol. 37, 13–31.

Elinson, R. P., and del Pino, E. M. (2012). Developmental diversity of amphibians. Wiley Interdiscip. Rev. Dev. Biol. 1, 345–369. doi: 10.1002/wdev.23

Elinson, R. P., Sabo, M. C., Fisher, C., Yamaguchi, T., Orii, H., and Nath, K. (2011). Germ plasm in Eleutherodactylus coqui, a direct developing frog with large eggs. EvoDevo 2:20. doi: 10.1186/2041-9139-2-20

Eno, C., and Pelegri, F. (2013). Gradual recruitment and selective clearing generate germ plasm aggregates in the zebrafish embryo. Bioarchitecture 3, 125–132. doi: 10.4161/bioa.26538

Eno, C., and Pelegri, F. (2018). Modulation of F-actin dynamics by maternal Mid1ip1L controls germ plasm aggregation and furrow recruitment in the zebrafish embryo. Development 145:dev156596. doi: 10.1242/dev.156596

Eno, C., Gomez, T., Slusarski, D. C., and Pelegri, F. (2018). Slow calcium waves mediate furrow microtubule reorganization and germ plasm compaction in the early zebrafish embryo. Development (Camb. Engl.) 145:dev156604. doi: 10.1242/dev.156604

Eno, C., Hansen, C. L., and Pelegri, F. (2019). Aggregation, segregation, and dispersal of homotypic germ plasm RNPs in the early zebrafish embryo. Dev. Dyn. 248, 306–318. doi: 10.1002/dvdy.18

Evans, T., Wade, C. M., Chapman, F. A., Johnson, A. D., and Loose, M. (2014). Acquisition of germ plasm accelerates vertebrate evolution. Science (New York, N.Y.) 344, 200–203. doi: 10.1126/science.1249325

Ewe, C. K., Torres Cleuren, Y. N., and Rothman, J. H. (2020). Evolution and developmental system drift in the endoderm gene regulatory network of caenorhabditis and other nematodes. Front. Cell Dev. Biol. 8:170. doi: 10.3389/fcell.2020.00170

Ewen-Campen, B., Jones, T. E. M., and Extavour, C. G. (2013). Evidence against a germ plasm in the milkweed bug Oncopeltus fasciatus, a hemimetabolous insect. Biol. Open 2, 556–568. doi: 10.1242/bio.20134390

Extavour, C. G. M. (2007). Evolution of the bilaterian germ line: lineage origin and modulation of specification mechanisms. Integr. Comp. Biol. 47, 770–785. doi: 10.1093/icb/icm027

Extavour, C. G., and Akam, M. (2003). Mechanisms of germ cell specification across the metazoans: epigenesis and preformation. Development (Camb. Engl.) 130, 5869–5884. doi: 10.1242/dev.00804

Félix, M.-A., and Barkoulas, M. (2015). Pervasive robustness in biological systems. Nat. Rev. Genet. 16, 483–496. doi: 10.1038/nrg3949

Forbes, A., and Lehmann, R. (1998). Nanos and Pumilio have critical roles in the development and function of Drosophila germline stem cells. Development (Camb. Engl.) 125, 679–690.

Forristall, C., Pondel, M., Chen, L., and King, M. L. (1995). Patterns of localization and cytoskeletal association of two vegetally localized RNAs, Vg1 and Xcat-2. Development (Camb. Engl.) 121, 201–208.

Frankel, N., Davis, G. K., Vargas, D., Wang, S., Payre, F., and Stern, D. L. (2010). Phenotypic robustness conferred by apparently redundant transcriptional enhancers. Nature 466, 490–493. doi: 10.1038/nature09158

Frankenberg, S., and Selwood, L. (1998). An ultrastructural study of the role of an extracellular matrix during normal cleavage in a marsupial, the brushtail possum. Mol. Reprod. Dev. 50, 420–433. doi: 10.1002/(SICI)1098-2795(199808)50:4<420::AID-MRD6<3.0.CO;2-K

Fresques, T., Swartz, S. Z., Juliano, C., Morino, Y., Kikuchi, M., Akasaka, K., et al. (2016). The diversity of nanos expression in echinoderm embryos supports different mechanisms in germ cell specification. Evol. Dev. 18, 267–278. doi: 10.1111/ede.12197

Fu, X.-F., Cheng, S.-F., Wang, L.-Q., Yin, S., De Felici, M., and Shen, W. (2015). DAZ family proteins, key players for germ cell development. Int. J. Biol. Sci. 11, 1226–1235. doi: 10.7150/ijbs.11536

Fujimura, M., and Takamura, K. (2000). Characterization of an ascidian DEAD-box gene, Ci-DEAD1: specific expression in the germ cells and its mRNA localization in the posterior-most blastomeres in early embryos. Dev. Genes Evol. 210, 64–72. doi: 10.1007/s004270050012

Fujiwara, Y., Komiya, T., Kawabata, H., Sato, M., Fujimoto, H., Furusawa, M., et al. (1994). Isolation of a DEAD-family protein gene that encodes a murine homolog of Drosophila vasa and its specific expression in germ cell lineage. Proc. Natl. Acad. Sci. U.S.A. 91, 12258–12262. doi: 10.1073/pnas.91.25.12258

Gallo, C. M., Wang, J. T., Motegi, F., and Seydoux, G. (2010). Cytoplasmic partitioning of P granule components is not required to specify the germline in C. elegans. Science (New York N.Y.) 330, 1685–1689. doi: 10.1126/science.1193697

Gao, M., and Arkov, A. L. (2013). Next generation organelles: structure and role of germ granules in the germline. Mol. Reprod. Dev. 80, 610–623. doi: 10.1002/mrd.22115

Glotzer, M. (2004). Cleavage furrow positioning. J. Cell Biol. 164, 347–351. doi: 10.1083/jcb.200310112

Gribouval, L., Sourdaine, P., Lareyre, J.-J., Bellaiche, J., Le Gac, F., Mazan, S., et al. (2018). The nanos1 gene was duplicated in early Vertebrates and the two paralogs show different gonadal expression profiles in a shark. Sci. Rep. 8:6942. doi: 10.1038/s41598-018-24643-1

Gustafson, E. A., and Wessel, G. M. (2010). Vasa genes: emerging roles in the germ line and in multipotent cells. BioEssays 32, 626–637. doi: 10.1002/bies.201000001

Hammerschmidt, M., and Mullins, M. (2002). Dorsoventral patterning in the zebrafish: bone morphogenetic proteins and beyond. Results Problems Cell Differ. 40, 72–95. doi: 10.1007/978-3-540-46041-1_5

Hansen, C. L., Chamberlain, T. J., Trevena, R. L., Kurek, J. E., and Pelegri, F. (in press). Conserved germ plasm characteristics across the Danio and Devario lineages. Genesis.

Harris, T. W., Arnaboldi, V., Cain, S., Chan, J., Chen, W. J., Cho, J., et al. (2020). WormBase: a modern model organism information resource. Nucleic Acids Res. 48, D762–D767. doi: 10.1093/nar/gkz920

Hartwig, J., Tarbashevich, K., Seggewiß, J., Stehling, M., Bandemer, J., Grimaldi, C., et al. (2014). Temporal control over the initiation of cell motility by a regulator of G-protein signaling. Proc. Natl. Acad. Sci. U.S.A. 111, 11389–11394. doi: 10.1073/pnas.1400043111

Hashimoto, Y., Maegawa, S., Nagai, T., Yamaha, E., Suzuki, H., Yasuda, K., et al. (2004). Localized maternal factors are required for zebrafish germ cell formation. Dev. Biol. 268, 152–161. doi: 10.1016/j.ydbio.2003.12.013

Hashimoto, Y., Suzuki, H., Kageyama, Y., Yasuda, K., and Inoue, K. (2006). Bruno-like protein is localized to zebrafish germ plasm during the early cleavage stages. Gene Expr. Patterns 6, 201–205. doi: 10.1016/j.modgep.2005.06.006

Hayashi, M., Kawaguchi, T., Durcova-Hills, G., and Imai, H. (2018). Generation of germ cells from pluripotent stem cells in mammals. Reprod. Med. Biol. 17, 107–114. doi: 10.1002/rmb2.12077

Hazkani-Covo, E., Wool, D., and Graur, D. (2005). In search of the vertebrate phylotypic stage: a molecular examination of the developmental hourglass model and von Baer’s third law. J. Exp. Zool. B Mol. Dev. Evol. 304, 150–158. doi: 10.1002/jez.b.21033

Hejnol, A., and Schnabel, R. (2005). The eutardigrade Thulinia stephaniae has an indeterminate development and the potential to regulate early blastomere ablations. Development (Camb. Engl.) 132, 1349–1361. doi: 10.1242/dev.01701

Herpin, A., Rohr, S., Riedel, D., Kluever, N., Raz, E., and Schartl, M. (2007). Specification of primordial germ cells in medaka (Oryzias latipes). BMC Dev. Biol. 7:3. doi: 10.1186/1471-213X-7-3

Heyn, P., Kircher, M., Dahl, A., Kelso, J., Tomancak, P., Kalinka, A. T., et al. (2014). The earliest transcribed zygotic genes are short, newly evolved, and different across species. Cell Rep. 6, 285–292. doi: 10.1016/j.celrep.2013.12.030

Hickford, D. E., Frankenberg, S., Pask, A. J., Shaw, G., and Renfree, M. B. (2011). DDX4 (VASA) is conserved in germ cell development in marsupials and monotremes. Biol. Reprod. 85, 733–743. doi: 10.1095/biolreprod.111.091629

Hoffman, T. L., Javier, A. L., Campeau, S. A., Knight, R. D., and Schilling, T. F. (2007). Tfap2 transcription factors in zebrafish neural crest development and ectodermal evolution. J. Exp. Zool. B Mol. Dev. Evol.308, 679–691. doi: 10.1002/jez.b.21189

Houston, D. W. (2013). Regulation of cell polarity and RNA localization in vertebrate oocytes. Int. Rev. Cell Mol. Biol. 306, 127–185. doi: 10.1016/B978-0-12-407694-5.00004-3

Houston, D. W., and King, M. L. (2000). A critical role for Xdazl, a germ plasm-localized RNA, in the differentiation of primordial germ cells in Xenopus. Development (Camb. Engl.) 127, 447–456.

Houston, D. W., Zhang, J., Maines, J. Z., Wasserman, S. A., and King, M. L. (1998). A Xenopus DAZ-like gene encodes an RNA component of germ plasm and is a functional homologue of Drosophila boule. Development (Camb. Engl.) 125, 171–180.

Howley, C., and Ho, R. K. (2000). MRNA localization patterns in zebrafish oocytes. Mech. Dev. 92, 305–309. doi: 10.1016/s0925-4773(00)00247-1

Hsu, C.-W., Pan, Y.-J., Wang, Y.-W., Tong, S.-K., and Chung, B.-C. (2018). Changes in the morphology and gene expression of developing zebrafish gonads. Gen. Comp. Endocr. 265, 154–159. doi: 10.1016/j.ygcen.2018.01.026

Huang, B.-L., and Mackem, S. (2014). Evolutionary developmental biology: use it or lose it. Nature 511, 34–35. doi: 10.1038/nature13509

Humphrey, R. R. (1925). The primordial germ cells of Hemidactylium and other amphibia. J. Morphol. 41, 1–43. doi: 10.1002/jmor.1050410103

Jaruzelska, J., Kotecki, M., Kusz, K., Spik, A., Firpo, M., and Reijo Pera, R. A. (2003). Conservation of a Pumilio-Nanos complex from Drosophila germ plasm to human germ cells. Dev. Genes Evol. 213, 120–126. doi: 10.1007/s00427-003-0303-2

Johnson, A. D., and Alberio, R. (2015). Primordial germ cells: the first cell lineage or the last cells standing? Development (Camb. Engl.) 142, 2730–2739. doi: 10.1242/dev.113993

Johnson, A. D., Bachvarova, R. F., Drum, M., and Masi, T. (2001). Expression of axolotl DAZL RNA, a marker of germ plasm: widespread maternal RNA and onset of expression in germ cells approaching the gonad. Dev. Biol. 234, 402–415. doi: 10.1006/dbio.2001.0264

Johnson, A. D., Crother, B., White, M. E., Patient, R., Bachvarova, R. F., Drum, M., et al. (2003a). Regulative germ cell specification in axolotl embryos: a primitive trait conserved in the mammalian lineage. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358, 1371–1379. doi: 10.1098/rstb.2003.1331

Johnson, A. D., Drum, M., Bachvarova, R. F., Masi, T., White, M. E., and Crother, B. I. (2003b). Evolution of predetermined germ cells in vertebrate embryos: implications for macroevolution. Evol. Dev. 5, 414–431. doi: 10.1046/j.1525-142X.2003.03048.x

Johnson, A. D., Richardson, E., Bachvarova, R. F., and Crother, B. I. (2011). Evolution of the germ line-soma relationship in vertebrate embryos. Reproduction (Camb. Engl.) 141, 291–300. doi: 10.1530/REP-10-0474

Juliano, C. E., Swartz, S. Z., and Wessel, G. M. (2010). A conserved germline multipotency program. Development (Camb. Engl.) 137, 4113–4126. doi: 10.1242/dev.047969

Juliano, C. E., Voronina, E., Stack, C., Aldrich, M., Cameron, A. R., and Wessel, G. M. (2006). Germ line determinants are not localized early in sea urchin development, but do accumulate in the small micromere lineage. Dev. Biol. 300, 406–415. doi: 10.1016/j.ydbio.2006.07.035

Kamimura, M., Kotani, M., and Yamagata, K. (1980). The migration of presumptive primordial germ cells through the endodermal cell mass in Xenopus laevis: a light and electron microscopic study. J. Embryol. Exp. Morphol. 59, 1–17.

Kang, S. J., Choi, J. W., Kim, S. Y., Park, K. J., Kim, T. M., Lee, Y. M., et al. (2008). Reproduction of wild birds via interspecies germ cell transplantation1. Biol. Reprod. 79, 931–937. doi: 10.1095/biolreprod.108.069989

Karimi, K., Fortriede, J. D., Lotay, V. S., Burns, K. A., Wang, D. Z., Fisher, M. E., et al. (2018). Xenbase: a genomic, epigenomic and transcriptomic model organism database. Nucleic Acids Res. 46, D861–D868. doi: 10.1093/nar/gkx936

Kawamura, K., and Sunanaga, T. (2011). Role of Vasa, Piwi, and Myc-expressing coelomic cells in gonad regeneration of the colonial tunicate, Botryllus primigenus. Mech. Dev. 128, 457–470. doi: 10.1016/j.mod.2011.09.001

Kedde, M., Strasser, M. J., Boldajipour, B., Vrielink, J. A. F. O., Slanchev, K., le Sage, C., et al. (2007). RNA-binding protein Dnd1 inhibits microRNA access to target mRNA. Cell 131, 1273–1286. doi: 10.1016/j.cell.2007.11.034

Kim, Y. M., and Han, J. Y. (2018). The early development of germ cells in chicken. Int. J. Dev. Biol. 62, 145–152. doi: 10.1387/ijdb.170283jh

Kistler, K. E., Trcek, T., Hurd, T. R., Chen, R., Liang, F.-X., Sall, J., et al. (2018). Phase transitioned nuclear Oskar promotes cell division of Drosophila primordial germ cells. ELife 7:e37949. doi: 10.7554/eLife.37949

Kloc, M., and Etkin, L. D. (1995). Two distinct pathways for the localization of RNAs at the vegetal cortex in Xenopus oocytes. Development (Camb. Engl.) 121, 287–297.

Kloc, M., Bilinski, S., and Etkin, L. D. (2004). The Balbiani body and germ cell determinants: 150 years later. Curr. Top. Dev. Biol. 59, 1–36. doi: 10.1016/S0070-2153(04)59001-4

Knaut, H., Pelegri, F., Bohmann, K., Schwarz, H., and Nüsslein-Volhard, C. (2000). Zebrafish vasa RNA but not its protein is a component of the germ plasm and segregates asymmetrically before germline specification. J. Cell Biol. 149, 875–888. doi: 10.1083/jcb.149.4.875

Knaut, H., Werz, C., Geisler, R., Nüsslein-Volhard, C., and Tübingen 2000 Screen Consortium. (2003). A zebrafish homologue of the chemokine receptor Cxcr4 is a germ-cell guidance receptor. Nature 421, 279–282. doi: 10.1038/nature01338

Kobayashi, T., and Surani, M. A. (2018). On the origin of the human germline. Development (Camb. Engl.) 145:dev150433. doi: 10.1242/dev.150433

Kobayashi, T., Kobayashi, H., Goto, T., Takashima, T., Oikawa, M., Ikeda, H., et al. (2020). Germline development in rat revealed by visualization and deletion of Prdm14. Development (Camb. Engl.) 147:dev183798. doi: 10.1242/dev.183798

Kocher-Becker, U., and Tiedemann, H. (1971). Induction of mesodermal and endodermal structures and primordial germ cells in Triturus ectoderm by a vegetalizing factor from chick embryos. Nature 233, 65–66. doi: 10.1038/233065a0

Kojima, Y., Kaufman-Francis, K., Studdert, J. B., Steiner, K. A., Power, M. D., Loebel, D. A. F., et al. (2014). The transcriptional and functional properties of mouse epiblast stem cells resemble the anterior primitive streak. Cell Stem Cell 14, 107–120. doi: 10.1016/j.stem.2013.09.014

Köprunner, M., Thisse, C., Thisse, B., and Raz, E. (2001). A zebrafish nanos-related gene is essential for the development of primordial germ cells. Genes Dev. 15, 2877–2885. doi: 10.1101/gad.212401

Kosaka, K., Kawakami, K., Sakamoto, H., and Inoue, K. (2007). Spatiotemporal localization of germ plasm RNAs during zebrafish oogenesis. Mech. Dev. 124, 279–289. doi: 10.1016/j.mod.2007.01.003

Kotov, A. A., Akulenko, N. V., Kibanov, M. V., and Olenina, L. V. (2014). DEAD-Box RNA helicases in animal gametogenesis. Mol. Biol. 48, 16–28. doi: 10.1134/S0026893314010063

Kraemer, B., Crittenden, S., Gallegos, M., Moulder, G., Barstead, R., Kimble, J., et al. (1999). NANOS-3 and FBF proteins physically interact to control the sperm-oocyte switch in Caenorhabditis elegans. Curr. Biol. 9, 1009–1018. doi: 10.1016/s0960-9822(99)80449-7

Kress, A., and Selwood, L. (2003). Conceptus polarity and cell-zona adhesion during early cleavage (fertilized tubal egg to 8-cell stage) in the marsupial Sminthopsis macroura. Cells Tissues Organs 175, 9–24. doi: 10.1159/000073433

Krishnakumar, P., and Dosch, R. (2018). “Germ cell specification: the evolution of a recipe to make germ cells,” in Germ Cell, ed. R. G. Ahmed (Rijeka: Intechopen). doi: 10.5772/intechopen.71557

Krishnakumar, P., Riemer, S., Perera, R., Lingner, T., Goloborodko, A., Khalifa, H., et al. (2018). Functional equivalence of germ plasm organizers. PLoS Genet. 14:e1007696. doi: 10.1371/journal.pgen.1007696

Kulkarni, A., and Extavour, C. G. (2017). Convergent evolution of germ granule nucleators: a hypothesis. Stem Cell Res. 24, 188–194. doi: 10.1016/j.scr.2017.07.018

Kumar, D. L., and DeFalco, T. (2017). Of mice and men: in vivo and in vitro studies of primordial germ cell specification. Semin. Reprod. Med. 35, 139–146. doi: 10.1055/s-0037-1599085

Kurokawa, H., Aoki, Y., Nakamura, S., Ebe, Y., Kobayashi, D., and Tanaka, M. (2006). Time-lapse analysis reveals different modes of primordial germ cell migration in the medaka Oryzias latipes. Dev. Growth Differ. 48, 209–221. doi: 10.1111/j.1440-169X.2006.00858.x

Lankenau, D.-H. (2007). “The legacy of the germ line–maintaining sex and life in Metazoans: cognitive roots of the concept of hierarchical selection,” in Recombination and Meiosis, eds R. Egel and D. H. Lankenau (New York, NY: Springer), 289–339.

Larkin, A., Marygold, S. J., Antonazzo, G., Attrill, H., dos Santos, G., Garapati, P. V., et al. (2021). FlyBase: updates to the Drosophila melanogaster knowledge base. Nucleic Acids Res. 49, D899–D907. doi: 10.1093/nar/gkaa1026

Lasko, P. (2013). The DEAD-box helicase Vasa: evidence for a multiplicity of functions in RNA processes and developmental biology. Biochim. Biophys. Acta 1829, 810–816. doi: 10.1016/j.bbagrm.2013.04.005

Lawrence, C. R. (2012). Preformationism in the Enlightenment. Available online at: https://hpsrepository.asu.edu/handle/10776/1926 (accessed September 14, 2020).

Lawson, K. A., Dunn, N. R., Roelen, B. A., Zeinstra, L. M., Davis, A. M., Wright, C. V., et al. (1999). Bmp4 is required for the generation of primordial germ cells in the mouse embryo. Genes Dev. 13, 424–436. doi: 10.1101/gad.13.4.424

Lee, H. C., Choi, H. J., Lee, H. G., Lim, J. M., Ono, T., and Han, J. Y. (2016). DAZL expression explains origin and central formation of primordial germ cells in chickens. Stem Cells Dev. 25, 68–79. doi: 10.1089/scd.2015.0208

Lehmann, R. (2016). Germ plasm biogenesis—an oskar-centric perspective. Curr. Top. Dev. Biol. 116, 679–707. doi: 10.1016/bs.ctdb.2015.11.024

Lesch, B. J., and Page, D. C. (2012). Genetics of germ cell development. Nat. Rev. Genet. 13, 781–794. doi: 10.1038/nrg3294

Letunic, I., and Bork, P. (2021). Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293–W296. doi: 10.1093/nar/gkab301

Li, M., Zhu, F., Li, Z., Hong, N., and Hong, Y. (2016). Dazl is a critical player for primordial germ cell formation in medaka. Sci. Rep. 6:28317. doi: 10.1038/srep28317

Liu, J., Linher, K., and Li, J. (2009). Porcine DAZL messenger RNA: its expression and regulation during oocyte maturation. Mol. Cell. Endocrinol. 311, 101–108. doi: 10.1016/j.mce.2009.06.003

Lochab, A. K., and Extavour, C. G. (2017). Bone morphogenetic protein (BMP) signaling in animal reproductive system development and function. Dev. Biol. 427, 258–269. doi: 10.1016/j.ydbio.2017.03.002

Lopez-Rios, J., Duchesne, A., Speziale, D., Andrey, G., Peterson, K. A., Germann, P., et al. (2014). Attenuated sensing of SHH by Ptch1 underlies evolution of bovine limbs. Nature 511, 46–51. doi: 10.1038/nature13289

Lynch, J. A., Ozüak, O., Khila, A., Abouheif, E., Desplan, C., and Roth, S. (2011). The phylogenetic origin of oskar coincided with the origin of maternally provisioned germ plasm and pole cells at the base of the Holometabola. PLoS Genet. 7:e1002029. doi: 10.1371/journal.pgen.1002029

MacArthur, H., Houston, D. W., Bubunenko, M., Mosquera, L., and King, M. L. (2000). DEADSouth is a germ plasm specific DEAD-box RNA helicase in Xenopus related to eIF4A. Mech. Dev. 95, 291–295. doi: 10.1016/s0925-4773(00)00357-9

Maegawa, S., Yasuda, K., and Inoue, K. (1999). Maternal mRNA localization of zebrafish DAZ-like gene. Mech. Dev. 81, 223–226. doi: 10.1016/s0925-4773(98)00242-1

Magnúsdóttir, E., and Surani, M. A. (2014). How to make a primordial germ cell. Development (Camb. Engl.) 141, 245–252. doi: 10.1242/dev.098269

Magnúsdóttir, E., Dietmann, S., Murakami, K., Günesdogan, U., Tang, F., Bao, S., et al. (2013). A tripartite transcription factor network regulates primordial germ cell specification in mice. Nat. Cell Biol. 15, 905–915. doi: 10.1038/ncb2798

Mahowald, A. P. (1962). Fine structure of pole cells and polar granules in Drosophila melanogaster. J. Exp. Zool. 151, 201–215. doi: 10.1002/jez.1401510302

Mahowald, A. P. (1977). The germ plasm of Drosophila: an experimental system for the analysis of determination. Am. Zool. 17, 551–563.

Maienschein, J. (2017). “Epigenesis and preformationism,” in The Stanford Encyclopedia of Philosophy (Spring 2017), ed. E. N. Zalta (Stanford, CA: Stanford University).

Marracci, S., Michelotti, V., Casola, C., Giacoma, C., and Ragghianti, M. (2011). Daz- and Pumilio-like genes are asymmetrically localized in Pelophylax (Rana) oocytes and are expressed during early spermatogenesis. J. Exp. Zool. B Mol. Dev. Evol. 316B, 330–338. doi: 10.1002/jez.b.21405

Maufroid, J. P., and Capuron, A. (1977). [Induction of the mesoderm and primordial germ cells by the endoderm of Pleurodeles waltlii (Amphibia, Urodele): development during gastrulation]. C. R. Acad. Hebd. Seances Acad. Sci. D 284, 1713–1716.

Michael, P. (1984). Are the primordial germ cells (PGCs) in urodela formed by the inductive action of the vegetative yolk mass? Dev. Biol. 103, 109–116. doi: 10.1016/0012-1606(84)90012-5

Mizutani, C. M., and Bier, E. (2008). EvoD/Vo. Nat. Rev. Genet. 9, 663–677. doi: 10.1038/nrg2417

Moravec, C. E., and Pelegri, F. (2020). The role of the cytoskeleton in germ plasm aggregation and compaction in the zebrafish embryo. Curr. Top. Dev. Biol. 140, 145–179. doi: 10.1016/bs.ctdb.2020.02.001

Mosquera, L., Forristall, C., Zhou, Y., and King, M. L. (1993). A mRNA localized to the vegetal cortex of Xenopus oocytes encodes a protein with a nanos-like zinc finger domain. Development (Camb. Engl.) 117, 377–386.

Mukherjee, N., and Mukherjee, C. (2021). Germ cell ribonucleoprotein granules in different clades of life: from insects to mammals. Wiley Interdiscip. Rev. RNA 12:e1642. doi: 10.1002/wrna.1642

Nair, S., Marlow, F., Abrams, E., Kapp, L., Mullins, M. C., and Pelegri, F. (2013). The chromosomal passenger protein Birc5b organizes microfilaments and germ plasm in the zebrafish embryo. PLoS Genet. 9:e1003448. doi: 10.1371/journal.pgen.1003448

Nakahata, S., Katsu, Y., Mita, K., Inoue, K., Nagahama, Y., and Yamashita, M. (2001). Biochemical identification of Xenopus Pumilio as a sequence-specific cyclin B1 mRNA-binding protein that physically interacts with a Nanos homolog, Xcat-2, and a cytoplasmic polyadenylation element-binding protein. J. Biol. Chem. 276, 20945–20953. doi: 10.1074/jbc.M010528200

Nakamura, T., and Extavour, C. G. (2016). The transcriptional repressor Blimp-1 acts downstream of BMP signaling to generate primordial germ cells in the cricket Gryllus bimaculatus. Development (Camb. Engl.) 143, 255–263. doi: 10.1242/dev.127563

Nakamura, Y., Kagami, H., and Tagami, T. (2013). Development, differentiation and manipulation of chicken germ cells. Dev. Growth Differ. 55, 20–40. doi: 10.1111/dgd.12026

Nicholls, P. K., Schorle, H., Naqvi, S., Hu, Y.-C., Fan, Y., Carmell, M. A., et al. (2019). Mammalian germ cells are determined after PGC colonization of the nascent gonad. Proc. Natl. Acad. Sci. U.S.A. 116, 25677–25687. doi: 10.1073/pnas.1910733116

Nijjar, S., and Woodland, H. R. (2013). Protein interactions in Xenopus germ plasm RNP particles. PLoS One 8:e80077. doi: 10.1371/journal.pone.0080077

Noce, T., Okamoto-Ito, S., and Tsunekawa, N. (2001). Vasa homolog genes in mammalian germ cell development. Cell Struct. Fun. 26, 131–136. doi: 10.1247/csf.26.131

Nott, T. J., Petsalaki, E., Farber, P., Jervis, D., Fussner, E., Plochowietz, A., et al. (2015). Phase transition of a disordered nuage protein generates environmentally responsive membraneless organelles. Mol. Cell 57, 936–947. doi: 10.1016/j.molcel.2015.01.013

Nüsslein-Volhard, C., Frohnhöfer, H. G., and Lehmann, R. (1987). Determination of anteroposterior polarity in Drosophila. Science (New York, N.Y.) 238, 1675–1681. doi: 10.1126/science.3686007

Oh, D., and Houston, D. W. (2017). Role of maternal Xenopus syntabulin in germ plasm aggregation and primordial germ cell specification. Dev. Biol. 432, 237–247. doi: 10.1016/j.ydbio.2017.10.006

Olsen, L. C., Aasland, R., and Fjose, A. (1997). A vasa-like gene in zebrafish identifies putative primordial germ cells. Mech. Dev. 66, 95–105. doi: 10.1016/s0925-4773(97)00099-3

Ono, T., Yokoi, R., and Aoyama, H. (1996). Transfer of male or female primordial germ cells of quail into chick embryonic gonads. Exp. Anim. 45, 347–352. doi: 10.1538/expanim.45.347

Park, B.-W., Shen, W., Linher-Melville, K., and Li, J. (2013). Deleted in azoospermia-like enhances in vitro derived porcine germ cell formation and meiosis. Stem Cells Dev. 22, 939–950. doi: 10.1089/scd.2012.0323

Pelegri, F., Knaut, H., Maischein, H. M., Schulte-Merker, S., and Nüsslein-Volhard, C. (1999). A mutation in the zebrafish maternal-effect gene nebel affects furrow formation and vasa RNA localization. Curr. Biol. 9, 1431–1440. doi: 10.1016/s0960-9822(00)80112-8

Pollard, T. D. (2010). Mechanics of cytokinesis in eukaryotes. Curr. Opin. Cell Biol. 22, 50–56. doi: 10.1016/j.ceb.2009.11.010

Quan, H., Arsala, D., and Lynch, J. A. (2019). Transcriptomic and functional analysis of the oosome, a unique form of germ plasm in the wasp Nasonia vitripennis. BMC Biol. 17:78. doi: 10.1186/s12915-019-0696-7

Raff, R. A. (2006). The Shape of Life: Genes, Development, and the Evolution of Animal Form. Chicago, IL: University of Chicago Press.

Raz, E. (2000). The function and regulation of vasa-like genes in germ-cell development. Genome Biol. 1:REVIEWS1017. doi: 10.1186/gb-2000-1-3-reviews1017

Raz, E., and Reichman-Fried, M. (2006). Attraction rules: germ cell migration in zebrafish. Curr. Opin. Genet. Dev. 16, 355–359. doi: 10.1016/j.gde.2006.06.007

Ressom, R. E., and Dixon, K. E. (1988). Relocation and reorganization of germ plasm in Xenopus embryos after fertilization. Development (Camb. Engl.) 103, 507–518.

Reynaud, G. (1981). [Effect of busulfan on the germ cell line of the quail embryo (author’s transl)]. Arch. Anat. Microsc. Morphol. Exp. 70, 251–258.

Richardson, S., and Faulkner, G. (2017). Heritable L1 retrotransposition events during development: understanding their origins. BioEssays 40:e1700189. doi: 10.1002/bies.201700189

Ruzicka, L., Howe, D. G., Ramachandran, S., Toro, S., Van Slyke, C. E., Bradford, Y. M., et al. (2019). The zebrafish information network: new support for non-coding genes, richer gene ontology annotations and the alliance of genome resources. Nucleic Acids Res. 47, D867–D873. doi: 10.1093/nar/gky1090

Saga, Y. (2008). Mouse germ cell development during embryogenesis. Curr. Opin. Genet. Dev. 18, 337–341. doi: 10.1016/j.gde.2008.06.003

Saito, T., Otani, S., Fujimoto, T., Suzuki, T., Nakatsuji, T., Arai, K., et al. (2004). The germ line lineage in ukigori, Gymnogobius species (Teleostei: Gobiidae) during embryonic development. Int. J. Dev. Biol. 48, 1079–1085. doi: 10.1387/ijdb.041912ts

Saito, T., Pšenièka, M., Goto, R., Adachi, S., Inoue, K., Arai, K., et al. (2014). The origin and migration of primordial germ cells in sturgeons. PLoS One 9:e86861. doi: 10.1371/journal.pone.0086861

Santos, A. C., and Lehmann, R. (2004). Germ cell specification and migration in Drosophila and beyond. Curr. Biol. 14, R578–R589. doi: 10.1016/j.cub.2004.07.018

Savage, R. M., and Danilchik, M. V. (1993). Dynamics of germ plasm localization and its inhibition by ultraviolet irradiation in early cleavage Xenopus embryos. Dev. Biol. 157, 371–382. doi: 10.1006/dbio.1993.1142

Seervai, R. N. H., and Wessel, G. M. (2013). Lessons for inductive germline determination. Mol. Reprod. Dev. 80, 590–609. doi: 10.1002/mrd.22151

Shinomiya, A., Tanaka, M., Kobayashi, T., Nagahama, Y., and Hamaguchi, S. (2000). The vasa-like gene, olvas, identifies the migration path of primordial germ cells during embryonic body formation stage in the medaka, Oryzias latipes. Dev. Grow. Differ. 42, 317–326. doi: 10.1046/j.1440-169x.2000.00521.x

Shirae-Kurabayashi, M., Nishikata, T., Takamura, K., Tanaka, K. J., Nakamoto, C., and Nakamura, A. (2006). Dynamic redistribution of vasa homolog and exclusion of somatic cell determinants during germ cell specification in Ciona intestinalis. Development 133, 2683–2693. doi: 10.1242/dev.02446

Siomi, M. C., Mannen, T., and Siomi, H. (2010). How does the royal family of tudor rule the PIWI-interacting RNA pathway? Genes Dev. 24, 636–646. doi: 10.1101/gad.1899210

Škugor, A., Slanchev, K., Torgersen, J. S., Tveiten, H., and Andersen, Ø (2014). Conserved mechanisms for germ cell-specific localization of nanos3 transcripts in teleost species with aquaculture significance. Mar. Biotechnol. 16, 256–264. doi: 10.1007/s10126-013-9543-y

Škugor, A., Tveiten, H., Johnsen, H., and Andersen, Ø (2016). Multiplicity of Buc copies in Atlantic salmon contrasts with loss of the germ cell determinant in primates, rodents and axolotl. BMC Evol. Biol. 16:232. doi: 10.1186/s12862-016-0809-7

Smith, L. D. (1964). A test of the capacity of presumptive somatic cells to transform into primordial germ cells in the mexican axolotl. J. Exp. Zool. 156, 229–242. doi: 10.1002/jez.1401560209

Smith, L. D. (1966). The role of a “germinal plasm” in the formation of primordial germ cells in Rana pipiens. Dev. Biol. 14, 330–347. doi: 10.1016/0012-1606(66)90019-4

Smorag, L., Xu, X., Engel, W., and Pantakani, D. V. K. (2014). The roles of DAZL in RNA biology and development. Wiley Interdiscip. Rev. RNA 5, 527–535. doi: 10.1002/wrna.1228

So, C., Cheng, S., and Schuh, M. (2021). Phase separation during germline development. Trends Cell Biol. 31, 254–268. doi: 10.1016/j.tcb.2020.12.004

Spike, C. A., Bader, J., Reinke, V., and Strome, S. (2008). DEPS-1 promotes P-granule assembly and RNA interference in C. elegans germ cells. Development (Camb. Engl.) 135, 983–993. doi: 10.1242/dev.015552

Strome, S., and Lehmann, R. (2007). Germ versus soma decisions: lessons from flies and worms. Science (New York, N.Y.) 316, 392–393. doi: 10.1126/science.1140846

Strome, S., and Updike, D. (2015). Specifying and protecting germ cell fate. Nat. Rev. Mol. Cell Biol. 16, 406–416. doi: 10.1038/nrm4009

Sutasurja, L. A., and Nieuwkoop, P. D. (1974). The induction of the primordial germ cells in the urodeles. Wilhelm Roux Arch. Entwickl. Mech. Org. 175, 199–220. doi: 10.1007/BF00582092

Swartz, S. Z., and Wessel, G. M. (2015). Germ line versus soma in the transition from egg to embryo. Curr. Top. Dev. Biol. 113, 149–190. doi: 10.1016/bs.ctdb.2015.06.003

Sybirna, A., Tang, W. W. C., Pierson Smela, M., Dietmann, S., Gruhn, W. H., Brosh, R., et al. (2020). A critical role of PRDM14 in human primordial germ cell fate revealed by inducible degrons. Nat. Commun. 11:1282. doi: 10.1038/s41467-020-15042-0

Takamura, K., Fujimura, M., and Yamaguchi, Y. (2002). Primordial germ cells originate from the endodermal strand cells in the ascidian Ciona intestinalis. Dev. Genes Evol. 212, 11–18. doi: 10.1007/s00427-001-0204-1

Tamori, Y., Iwai, T., Mita, K., and Wakahara, M. (2004). Spatio-temporal expression of a DAZ-like gene in the Japanese newt Cynops pyrrhogaster that has no germ plasm. Dev. Genes Evol. 214, 615–627. doi: 10.1007/s00427-004-0443-z

Tan, E. S., Izumi, R., Takeuchi, Y., Isomura, N., and Takemura, A. (2020). Molecular approaches underlying the oogenic cycle of the scleractinian coral, Acropora tenuis. Sci. Rep. 10:9914. doi: 10.1038/s41598-020-66020-x

Tan, H., and Tee, W.-W. (2019). Committing the primordial germ cell: an updated molecular perspective. Wiley Interdiscip. Rev. Syst. Biol. Med. 11:e1436. doi: 10.1002/wsbm.1436

Tanaka, S. S., Toyooka, Y., Akasu, R., Katoh-Fukui, Y., Nakahara, Y., Suzuki, R., et al. (2000). The mouse homolog of Drosophila Vasa is required for the development of male germ cells. Genes Dev. 14, 841–853.

Theusch, E. V., Brown, K. J., and Pelegri, F. (2006). Separate pathways of RNA recruitment lead to the compartmentalization of the zebrafish germ plasm. Dev. Biol. 292, 129–141. doi: 10.1016/j.ydbio.2005.12.045

Tiedemann, H., Asashima, M., Grunz, H., and Knöchel, W. (2001). Pluripotent cells (stem cells) and their determination and differentiation in early vertebrate embryogenesis. Dev. Grow. Differ. 43, 469–502. doi: 10.1046/j.1440-169x.2001.00599.x

Trcek, T., Grosch, M., York, A., Shroff, H., Lionnet, T., and Lehmann, R. (2015). Drosophila germ granules are structured and contain homotypic mRNA clusters. Nat. Commun. 6:7962. doi: 10.1038/ncomms8962

True, J. R., and Haag, E. S. (2001). Developmental system drift and flexibility in evolutionary trajectories. Evol. Dev. 3, 109–119. doi: 10.1046/j.1525-142x.2001.003002109.x

Tsai-Morris, C.-H., Sheng, Y., Gutti, R. K., Tang, P.-Z., and Dufau, M. L. (2010). Gonadotropin-regulated testicular RNA helicase (GRTH/DDX25): a multifunctional protein essential for spermatogenesis. J. Androl. 31, 45–52. doi: 10.2164/jandrol.109.008219

Tsuda, M., Sasaoka, Y., Kiso, M., Abe, K., Haraguchi, S., Kobayashi, S., et al. (2003). Conserved role of nanos proteins in germ cell development. Science 301, 1239–1241. doi: 10.1126/science.1085222

Tsunekawa, N., Naito, M., Sakai, Y., Nishida, T., and Noce, T. (2000). Isolation of chicken vasa homolog gene and tracing the origin of primordial germ cells. Development (Camb. Engl.) 127, 2741–2750.

Tutak, K., and Rozwadowska, N. (2020). Discrete roles of RNA helicases in human male germline and spermatogenesis. J. Appl. Genet. 61, 415–419. doi: 10.1007/s13353-020-00558-4

Updike, D. L., Hachey, S. J., Kreher, J., and Strome, S. (2011). P granules extend the nuclear pore complex environment in the C. elegans germ line. J. Cell Biol. 192, 939–948. doi: 10.1083/jcb.201010104

Updike, D. L., Knutson, A. K., Egelhofer, T. A., Campbell, A. C., and Strome, S. (2014). Germ-granule components prevent somatic development in the C. elegans germline. Curr. Biol. 24, 970–975. doi: 10.1016/j.cub.2014.03.015

Uversky, V. N. (2017). Intrinsically disordered proteins in overcrowded milieu: membrane-less organelles, phase separation, and intrinsic disorder. Curr. Opin. Struct. Biol. 44, 18–30. doi: 10.1016/j.sbi.2016.10.015

van de Lavoir, M.-C., Collarini, E. J., Leighton, P. A., Fesler, J., Lu, D. R., Harriman, W. D., et al. (2012). Interspecific germline transmission of cultured primordial germ cells. PLoS One 7:e35664. doi: 10.1371/journal.pone.0035664

Volff, J.-N. (2005). Genome evolution and biodiversity in teleost fish. Heredity 94, 280–294. doi: 10.1038/sj.hdy.6800635

Wang, C., and Lehmann, R. (1991). Nanos is the localized posterior determinant in Drosophila. Cell 66, 637–647. doi: 10.1016/0092-8674(91)90110-k

Wang, H., Teng, Y., Xie, Y., Wang, B., Leng, Y., Shu, H., et al. (2013). Characterization of the carbonic anhydrases 15b expressed in PGCs during early zebrafish development. Theriogenology 79, 443–452. doi: 10.1016/j.theriogenology.2012.10.016

Wang, J. T., and Seydoux, G. (2013). Germ cell specification. Adv. Exp. Med. Biol. 757, 17–39. doi: 10.1007/978-1-4614-4015-4_2

Weidmann, C. A., Qiu, C., Arvola, R. M., Lou, T.-F., Killingsworth, J., Campbell, Z. T., et al. (2016). Drosophila Nanos acts as a molecular clamp that modulates the RNA-binding and repression activities of Pumilio. ELife 5:e17096. doi: 10.7554/eLife.17096

Weismann, A. (1892). Das Keimplasma; eine Theorie der Vererbung. Waldachtal: Fischer.

Wernery, U., Liu, C., Baskar, V., Guerineche, Z., Khazanehdari, K. A., Saleem, S., et al. (2010). Primordial germ cell-mediated chimera technology produces viable pure-line houbara bustard offspring: potential for repopulating an endangered species. PLoS One 5:e15824. doi: 10.1371/journal.pone.0015824

Wessel, G. M., Brayboy, L., Fresques, T., Gustafson, E. A., Oulhen, N., Ramos, I., et al. (2014). The biology of the germ line in echinoderms. Mol. Reprod. Dev. 81, 679–711. doi: 10.1002/mrd.22223

Whitington, P. M., and Dixon, K. E. (1975). Quantitative studies of germ plasm and germ cells during early embryogenesis of Xenopus laevis. J. Embryol. Exp. Morphol. 33, 57–74.

Whittle, C. A., and Extavour, C. G. (2016). Refuting the hypothesis that the acquisition of germ plasm accelerates animal evolution. Nat. Commun. 7:12637. doi: 10.1038/ncomms12637

Whittle, C. A., and Extavour, C. G. (2017). Causes and evolutionary consequences of primordial germ-cell specification mode in metazoans. Proc. Natl. Acad. Sci. U.S.A. 114, 5784–5791. doi: 10.1073/pnas.1610600114

Wilm, T., and Solnica-Krezel, L. (2005). Essential roles of a zebrafish prdm1/blimp1 homolog in embryo patterning and organogenesis. Development (Camb. Engl.) 132, 393–404. doi: 10.1242/dev.01572

Wu, H.-R., Chen, Y.-T., Su, Y.-H., Luo, Y.-J., Holland, L. Z., and Yu, J.-K. (2011). Asymmetric localization of germline markers Vasa and Nanos during early development in the amphioxus Branchiostoma floridae. Dev. Biol. 353, 147–159. doi: 10.1016/j.ydbio.2011.02.014

Xu, E. Y., Moore, F. L., and Pera, R. A. R. (2001). A gene family required for human germ cell development evolved from an ancient meiotic gene conserved in metazoans. Proc. Natl. Acad. Sci. U.S.A. 98, 7414–7419. doi: 10.1073/pnas.131090498

Xu, H., Li, Z., Li, M., Wang, L., and Hong, Y. (2009). Boule is present in fish and bisexually expressed in adult and embryonic germ cells of medaka. PLoS One 4:e6097. doi: 10.1371/journal.pone.0006097

Xu, H., Zhu, X., Li, W., Tang, Z., Zhao, Y., and Wu, X. (2018). Isolation and in vitro culture of ovarian stem cells in Chinese soft-shell turtle (Pelodiscus sinensis). J. Cell. Biochem. 119:7667. doi: 10.1002/jcb.27114

Yajima, M., and Wessel, G. M. (2011). Small micromeres contribute to the germline in the sea urchin. Development (Camb. Engl.) 138, 237–243. doi: 10.1242/dev.054940

Yamaguchi, T., Taguchi, A., Watanabe, K., and Orii, H. (2013). Germes is involved in translocation of germ plasm during development of Xenopus primordial germ cells. Int. J. Dev. Biol. 57, 439–443. doi: 10.1387/ijdb.120215ty

Yan, G., Fan, Y., Li, P., Zhang, Y., and Wang, F. (2015). Ectopic expression of DAZL gene in goat bone marrow-derived mesenchymal stem cells enhances the trans-differentiation to putative germ cells compared to the exogenous treatment of retinoic acid or bone morphogenetic protein 4 signalling molecules. Cell Biol. Int. 39, 74–83. doi: 10.1002/cbin.10348

Yen, P. H., Chai, N. N., and Salido, E. C. (1997). The human DAZ genes, a putative male infertility factor on the Y chromosome, are highly polymorphic in the DAZ repeat regions. Mam. Genome 8, 756–759. doi: 10.1007/s003359900560

Yevick, H. G., Miller, P. W., Dunkel, J., and Martin, A. C. (2019). Structural redundancy in supracellular actomyosin networks enables robust tissue folding. Dev. Cell 50, 586–598.e3. doi: 10.1016/j.devcel.2019.06.015

Yoon, C., Kawakami, K., and Hopkins, N. (1997). Zebrafish vasa homologue RNA is localized to the cleavage planes of 2- and 4-cell-stage embryos and is expressed in the primordial germ cells. Development (Camb. Engl.) 124, 3157–3165.

Zagore, L. L., Sweet, T. J., Hannigan, M. M., Weyn-Vanhentenryck, S. M., Jobava, R., Hatzoglou, M., et al. (2018). DAZL Regulates germ cell survival through a network of polya-proximal mRNA interactions. Cell Rep. 25, 1225–1240.e6. doi: 10.1016/j.celrep.2018.10.012

Zamore, P. D., Williamson, J. R., and Lehmann, R. (1997). The Pumilio protein binds RNA through a conserved domain that defines a new class of RNA-binding proteins. RNA (New York, N.Y.) 3, 1421–1433.

Zhang, Q.-J., Luo, Y.-J., Wu, H.-R., Chen, Y.-T., and Yu, J.-K. (2013). Expression of germline markers in three species of amphioxus supports a preformation mechanism of germ cell development in cephalochordates. EvoDevo 4:17. doi: 10.1186/2041-9139-4-17

Zhu, W., Wang, T., Zhao, C., Wang, D., Zhang, X., Zhang, H., et al. (2018). Evolutionary conservation and divergence of Vasa, Dazl and Nanos1 during embryogenesis and gametogenesis in dark sleeper (Odontobutis potamophila). Gene 672, 21–33. doi: 10.1016/j.gene.2018.06.016

Zinski, J., Tajer, B., and Mullins, M. C. (2018). TGF-β family signaling in early vertebrate development. Cold Spring Harb. Perspect. Biol. 10:a033274. doi: 10.1101/cshperspect.a033274


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hansen and Pelegri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-730332-g004.jpg
Arthropods

-

Deuterostomes

Vertebrates

PGC Specification Mechanism

Induction

Putative induction
Preformation

Putative preformation

BN

Unknown

Mallll)

M i

Mnemiopsis leidyi [Ctenophore (comb jelly)]
Acropora tenuis [Cnidaria (coral)]

Dugesia sp. 30 MR-2009 [Planarian]
Caenorhabditis elegans [Nematode]

Milnesium tardigradum [Tardigrade]
Parasteatoda tepidariorum [Common house spider]
Gryllus bimaculatus [Cricket]

Eurynysius sp. WCW-2003g [Seed bug]
Acyrthosiphon pisum [Pea aphid]

Drosophila melanogaster [Fruit/vinegar fly]
Zagryphus nasutus [Zagryphus parasitoid wasp]
Nasonia giraulti [Nasonia parasitoid wasp]

Apis mellifera [Western honey bee]
Flaccisagitta enflata [Arrow worm]
Strongylocentrotus intermedius [Sea urchin]
Branchiostoma lanceolatum [Lancelet]

Molgula tectiformis [Tunicate]

Mobula thurstoni [Devil ray]

Polypterus birchir [Nile birchir]

Acipenser sinensis [Chinese sturgeon]
Lepisosteus oculatus [Spotted gar]

Amia calva [Bowfin]

Danio rerio [Zebrafish]

Salmo salar [Atlantic salmon]

Oryzias latipes [Medaka/Japanese rice fish]
Odontobutis potamophila [Freshwater sleeper]
Lepidosiren paradoxa [South American lungfish]
Latimeria menadoensis [Indonesian coelacanth]

Latimeria chalumnae [West Indian Ocean coelacanth]

Microcaecilia sp. PZ-2009 [Caecilian]

Ambystoma mexicanum [Axolotl]

Cynops pyrrhogaster [Japanese newt/salamander]
Discoglossus pictus [Painted frog]

Xenopus laevis [African clawed frog]

Pelophylax esculentus [Edible frog]

Rana pipiens [Northern leopard frog]

Rana temporaria [Common frog]
Eleutherodactylus coqui [Coqui frog]

Gastrotheca riobambae [Andean marsupial tree frog]

Bufo bufo [Common toad]

Pantherophis obsoletus [Black rat snake]
Sphenodon punctatus [Tuatara]

Pelodiscus sinensis [Chinese softshell turtle]
Trachemys scripta [Slider turtle]

Crocodylus niloticus [Nile crocodile]

Anas platyrhynchos [Mallard duck]

Numida meleagris [Helmeted guineafowl]
Coturnix japonica [Japanese quail]

Gallus gallus [Chicken]

Phasianus colchicus [Common pheasant]
Ornithorhynchus anatinus [Platypus]
Tachyglossus aculeatus [Short-beaked echidna]
Sminthopsis macroura [Stripe-faced dunnart]
Trichosurus vulpecula [Common brushtail possum]
Macropus giganteus [Eastern grey kangaroo]
Macropus fuliginosus [Western grey kangaroo]
Sus scrofa [Wild boar]

Bos taurus [Domestic cattle]

Capra aegagrus [Goat)

Oryctolagus cuniculus [European rabbit]

Mus musculus [House mouse]

Callithrix jacchus [Common marmoset]

Homo sapiens [Human]

EEEEEERNOOOCOOCONECOCOEEEEEEEEESEEEEENSESS NS SEEEEEEENECOCOEENEONEEREEEEEN

h T =i e S G) EE ()
Om=>xom-22mML





OPS/images/fcell-09-730332-g003.jpg
2 cell

Establishment of 4 primary
germ plasm aggregates

Adults with ~ @
mature gametes Gamete production,
7 maturation, and germ plasm into e

>

. fertilization pPGCs

1000 cell

Germ plasm
_ dispersal in
Arrival at gonadal PGCs: PGC
site and germline migration and
development

proliferation
~ Dome stage






OPS/images/fcell-09-730332-g006.jpg
Embryo & PGCs | Gametogenesis
formation Imigrationl ! mitosis | meiosis | differentiation

Q @ +0>0> () —»8—».
zygote ® @

Fruitfly Boule
Worm Boule/Daz-1

dazl
Medaka

boule
Zebrafish gazl
— Xenopus Dazl / dazl
Mammals Daz
Boule - Male only
- Female only

Human DAZL _DAZ _ == Both sexes

BOULE





OPS/images/fcell-09-730332-g005.jpg
4"'0"’1'. fertilization

-

—t @ ’

Gametes cleavage divisions,
meioV Zygote Viastocyst formation
~E1.0

No maternal
germline
determinants

(/
Rag
l i 4
Blastocyst

Adult gonads ~EAD
birth,\ o ‘/implantat::on,
puberty signals gastrulation
from
neighboring
tissue

PGC specification
~E6.5
PGC colonization
of genital ridges
~E12.5

PGC migration
~E7.5-11.5





OPS/images/fcell-09-730332-g002.jpg





OPS/images/fcell-09-730332-g001.jpg
Preformation

Germ plasm RNAs and proteins

Mechanisms of
Germline
Specification

Induction

No maternal germ plasm

/Zygote

Localized germ plasm

v

: e .., o
— e 5 u—'ﬂ.;' u‘t
M
RO
\\

v
P
) Hg
Primordial germ cells (PGCs) /%
/

/ygote

Cell-cell inductive signaling

“that is to say, the fate of the cells is
determined by forces situated
within them, and not by external
influences”

— Weismann 1892

“there are forces external to the cells that bid them
assume the individual characters appropriate to their
individual relations to the whole; the determining
forces are not within the cells, as the doctrine of
determinants supposed” — Hertwig 1900






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Primordial Germ Cell Specification in Vertebrate Embryos: Phylogenetic Distribution and Conserved Molecular Features of Preformation and Induction



		INTRODUCTION



		PRINCIPLES OF PREFORMATION



		Zebrafish



		Xenopus







		INSIGHTS INTO INDUCTION



		Mice



		Axolotl







		CONSERVED GENE FAMILIES CRITICAL FOR PGC SPECIFICATION ACROSS DIVERGENT SPECIES AND DIFFERENTIATION MECHANISMS



		DAZ (Deleted in Azoospermia) Genes



		Nanos-Related Genes



		DEAD-Box RNA Helicases







		DISTRIBUTION OF GERM CELL DETERMINING SYSTEMS ACROSS PHYLOGENY



		Amphibians



		Avian and Non-avian Reptiles



		Fish



		Mammals



		Invertebrates



		Arthropods



		Non-arthropod Invertebrates



		Invertebrate Chordates







		Potential Malleability of PGC Determination Systems: Considerations and Consequences Across Phylogenetic Space







		CONCLUSION



		Looking to the Future: Finding the Way With Non-model Species



		Molecular Paths for Inquiry Into the Evolutionary History of Germline Specification



		Concluding Remarks







		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Primordial Germ Cell
Specification in Vertebrate
Embryos: Phylogenetic
Distribution and Conserved
Molecular Features
of Preformation and Induction









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-730332-g007.jpg
/
Chordates

Cephalochordates (lancelets) ———

Non-chordate metazoans 2%\ Qi:&-%é‘
Vertebrata

Tunicates (sea squirts) @

Agnatha/jawless fish (lamprey) &I\

/T

Cartilaginous fish (sharks and rays) @@
Teleostei (zebrafish, salmon, etc.)
Bony fish

A7)

7,
G S

Holostei (bowfin and gars) -SSR

Chondrostei (sturgeons)
Coelacanth <Y _ e
Lungfish é@

—— =

Amphibia

—— Anura (frogs and toads) %

Tetrapoda

Mammalia

—— Urodela (salamanders and newts)

Gymnophiona (caecilians) @

Monotremes @

Marsupials L%

Placental mammals st
—— Aves (birds) :%

Amniota

Reptilia

4

)

—— Crocodilians

Turtles @

Squamata (lizards and snakes) %
Tuatara





