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Background: Explanations for asymmetric patterns of diversification continue to challenge paleontologists and neontologists with competing hypotheses within genetic-development and ecological frameworks. In 1988, a hypothesis was proposed that tied a primordial germ cell (PGC) determination mechanism to clade (phyla) diversification. Two general mechanisms for PGC determination are recognized: one is termed induced because induction signals are required for the production of primordial germ cells. The other mechanism is cell-autonomous, i.e., determinative, because the cells that develop in response to specific cytoplasmic determinants in the oocyte are pre-destined to become PGCs. We revisited the hypothesis and analyzed phyla diversity with germ cell determination mechanisms and examined sister clade asymmetry.

Results: After 25 years of additional data accumulation, the hypothesis that high levels of species diversification are associated with the induced mode is falsified, with the determinative mode revealed as associated with higher rates of diversification. The greater species numbers are significantly associated (ANOVA p > 0.003) with the determinative mode. Analysis with appropriate sister clades is unanimous in showing the clade with the determinative mode has a significantly greater number of species relative to its induced sister clade.

Conclusions: The PGC determination mechanism hypothesis explains asymmetrical species diversity and morphological disparity at the phylum level. We argue that the determinative mode of PGC determination is a constraint release that has enhanced evolvability and increased rates of speciation and morphological disparity among clades. Knowledge of the mechanism for extant theropods allows speculation that its sister clade, the Sauropodomorpha would have exhibited the induced mode.
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INTRODUCTION

Asymmetric patterns of species diversification in myriad forms, (e.g., temporal, clade, sister clade, speciation rates) have been and remain of interest to paleontologists and neontologists (e.g., Stanley, 1975; Erwin et al., 1987; Gould et al., 1987; Eble, 2000; McPeek and Brown, 2007). In some cases morphological disparity is coupled with studies on species diversification (e.g., Valentine et al., 1994; Foote, 1997; Erwin, 2007). Two broad competing hypotheses have dominated attempts at explaining diversification asymmetries, one based on genetics and development and the other grounded in ecological theory. The former hypothesis essentially claims that rates of diversification are dependent on changes in the molecular developmental process and that these changes allow the production of novel body plans and morphologies (e.g., Cracraft, 1990; Davidson and Erwin, 2006) whereas the latter hypothesis states (at its simplest) that rates of diversification are controlled by available niche space (e.g., Hutchinson, 1959; Erwin et al., 1987). We agree with others who see no conflict between the two hypotheses and point out that novelty must come first and then ecological parameters determine if the novelties survive to the next generations (Gould et al., 1987; Eble, 1998; Erwin, 2007). It is the production of novelty that we address herein.

We agree in general with Davidson and Erwin (2006) with regard to how development leads to the production of novel morphology. However, the question remains unanswered as to what developmental system(s) may have been key triggers in the release of constraints on the evolutionarily conserved pathways to account for relative disparities in species richness between sister clades. Buss (1988) proposed an important hypothesis that argued for a specific trait to be correlated with levels of species diversification. In his paper, Buss (1988) revealed a pattern of species diversification that was associated with a mechanism of germ cell determination. There are essentially two general mechanisms for primordial germ cell (PGC) determination, a determinative mode, and an induced, or epigenetic, mode [Buss suggested a third mode he called multipotency (MP), but because it requires induction we lump it with the induced mode; Extavour and Akam, 2003; Johnson et al., 2003a,b]. In the determinative mode PGCs are specified cell-autonomously in the early embryo by the inheritance of germ cell determinants from the egg cytoplasm, whereas in the induced mode they are derived from unspecialized pluripotent precursor cells that require inducing signals to develop into PGCs. Buss compiled a large data set from an impressive and diverse array of literature and correlated species numbers within phyla with mode of PGC determination. He found that phyla with a determinative mode had fewer species than taxa with an induced mode. He suggested this correlation to be “a possible causal foundation for the pattern” of non-random species diversification.

At the close of his paper, Buss (1988, P. 317) posed the question “Can further tests be devised?” He noted the PGC determination mechanism for 13 metazoan phyla had not yet been described and he recognized each of these as a test of his hypothesis. He also suggested that a method to assess comparable rates of speciation would further test his idea to explain species diversification patterns. In the course of our work, especially Crother et al. (2007), we explicitly revealed the asymmetric patterns of species diversity and demonstrated in vertebrates (Evans et al., 2014) that increased rates of speciation are associated with a determinative mode.

The goal of our study is to test the hypothesis of Buss (1988) with new data and new methods. With this study, the results of Buss change and so do the conclusions and explanations. Our results also allow us to speculate on the PGC determination mechanisms of animals that cannot be measured directly, such as theropods and their sister clade, sauropods.

METHODS

Traits

We identify two general mechanisms of PGC determination, determinative and induced, as opposed to three identified by Buss (1988). We lump his multipotency mechanism with the induced mode because even though the timing of determination is different, the MP mode requires induction events to program unspecialized cells into PGCs. The largest groups this change affects are Cnideria, Porifera, and Bryozoa.

Analyses

We constructed a table to mimic that of Buss (1988), with data of species numbers from Brusca and Brusca (2003) and PGC determination mode from Extavour and Akam (2003) and Crother et al. (2007). We constructed a simple bar graph of the log number (the data were log transformed to achieve normality) species/phylum of those data, also to mimic Buss (1988). We graphed phylum species richness versus PGC determination mechanism and tested the difference in the number of species associated with each mechanism using a one-way ANOVA.

In addition to testing the association of PGC determination mode with the overall numbers for each phylum, we made sister group comparisons. The goal of this approach, widely regarded as a powerful tool in comparative biology (e.g., Brooks and McLennan, 1992, 2002; Barraclough et al., 1998; Isaac et al., 2003), was to see if species numbers were asymmetrical in sister groups. Some of these data were derived from Crother et al. (2007) and include Anura-Caudata, within Mollusca, Teleostei-Chondrostei (a paraphyletic group), Holometabola—Hemimetabola, and Sipuncula-Errantia + Sedentaria. As in Buss (1988), any relationship between PGC determination mode and species numbers must be obvious to suggest a causal relationship.

RESULTS

The compiled data are listed in Table 1 and reveal that the phyla in which a determinative mechanism is present have the highest numbers of species. The bar graph (Figure 1) and dot graph (Figure 2) display the table in different ways, with both showing how species numbers differ in phyla with the different mechanisms of PGC determination. The transformed data were normally distributed (confirmed by Shapiro-Wilk and Kolmogorov-Smirnoff tests). The one-way ANOVA found the number of species based on mechanism to be significantly different (p < 0.003). There remained the possibility that Arthropoda (6.04) was an outlier and skewed the results. We performed a Grubb's Test and found that no outliers were present (p > 0.05). Mesozoa, Chaetognatha, and Onychophora exhibit a determinative mode, but had low numbers of species (83, 100, 110, respectively). Porifera (5500) and Bryozoa (4500) exhibit an induced mode but had relatively high numbers of species. Worthy of note is that Porifera and Bryozoa were categorized as MP by Buss and although the PGCs require induction, they are generated throughout the life of the organism as opposed to only once during embryonic development, as in more typical animals with an induced mode. If we removed them from the induced numbers, and instead used Buss' classification into three modes, the diversification asymmetry would be even greater, with the induced mechanism even more blatantly species-depauperate. However, even with these exceptions, the sums of the two PGC mode groups show the determinative groups to have about two orders of magnitude more species than the induced mode groups (1,223,781 to 13,195).

Table 1. Number of species and PGC development mode per phylum.

[image: image]


[image: image]

FIGURE 1. Log number of species for phyla whose germ cell determination mechanism is known. I, Induced mechanism; D, determinative mechanism. This graph mimics Figure 1 in Buss (1988).
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FIGURE 2. The log number of species is compared for PGC determination mechanism only. Number of species per group came from Table 1 and citations therein. Each dot represents the log number of species/phylum. These data were found to be statistically significantly different (see text for details). 1, induced/induced mechanism; 2, determinative mechanism.



To ascertain whether some induced mode diversity was hidden in large phyla with both modes, some of the largest phyla were broken down into smaller groups for comparison. In Mollusca, the determinative groups (Cephalopoda, Gastropoda, Bivalvia) account for 90,900 species and the induced groups (Aplacophora, Monoplacophora, Polyplacophora) account for 3195 species. In Chordata, the determinative groups Serpentes, Aves, Teleostei, and Anura alone accounted for about 43,200 species or 87% of chordate diversity. In Annelida, exemplars of Hirudinea, Oligochaeta, and Polychaeta (or Errantia and Sedentaria as in Struck et al., 2011) are all determinative (Rebscher et al., 2012) but the breakdown is complex because apparently both modes are exhibited in Clitellata (Extavour and Akam, 2003). In Arthropoda (whose diversity we underestimate by saying >1,000,000 species), the mode of determination has been established for fewer groups, but what is known among insects is instructive. Diptera, Lepidoptera, Coleoptera, and Hymenoptera account for about 771,000 species and representatives of each have been shown to exhibit a determinative mode (Ewen-Campen et al., 2012). In comparison, the insect orders Hemiptera and Orthoptera have about 98,000 species and studied species have shown an induced mode (Ewen-Campen et al., 2013). So there does not appear to be hidden diversity for the induced mode among the phyla that possess both modes.

The available sister clade comparisons unambiguously support the general trend from the overall group number analysis: Anura (4800 species)—Caudata (515), Teleostei (30,000)—Chondrostei (44, this is a paraphyletic group that we lumped together), Bivalvia + Gastropoda + Cephalopoda (90,900)—Aplacophora + Monoplacophora + Polyplacophora (1395). Based on Ewen-Campen et al. (2013), for the insect groups of known PGC determination mechanism, the sister clades Holometabola and Hemimetabola1 show asymmetry of 771,000 to 98,000. If we follow Struck et al. (2011) and Weigert et al. (2014), the Sipuncula (induced) is sister to the segmented worm clade Errantia + Sedentaria (determinative) revealing an asymmetry of about 320 to 13,000. All of the clades with the high values exhibit a determinative mode and the asymmetry in species numbers range from approximately double to three orders of magnitude in difference.

DISCUSSION

We might quibble that the above results indicating that a determinative mechanism is associated with greater species numbers are an artifact of not including all the described extinct species. While we do not have an exhaustive list of extinct species numbers for all phyla, for the estimates we do have, the asymmetry remains because both sides increase in species richness approximately the same, but with still more species added to the determinative groups. For example, if we add estimates of extinct gastropods and cephalopods, that determinative clade increases by about 32,000 species and similarly echinoderms would add about 13,000 species. For induced clades, bryozoans, and brachiopods may have as many 12–15,000 extinct species each, which certainly increases the number of induced species but still falls about 15,000 species short of the added determinative species.

Research conducted since Buss (1988) proposed his hypothesis yields a strong association between a determinative mode of PGC specification and diversification, which is the opposite conclusion Buss arrived at based on the data available to him. Crother et al. (2007), in a paper on a related topic, noted the apparent falsification of Buss (1988), but we were surprised at how the overall group numbers changed based on new data. While appropriate sister group comparisons remain relatively few, the consistency in the asymmetry of apparent rates of speciation associated with PGC determination mechanisms is striking. Understanding the PGC determination mode in Nematomorpha, Siphonaptera, Anguimorpha, and elasmobranchs would add to the sample size of sister clade comparisons because the PGC determination mode in the sister groups are all known (assuming exemplars are representative of entire groups; Crother et al., 2007).

Of mechanistic importance, evidence suggests that all species of cephalochordate studied employ a determinative mode of PGC specification (Wu et al., 2011; Zhang et al., 2013; Dailey et al., 2016), indicating that the acquisition of determinative specification does not by necessity lead to enhanced speciation. Rather, as we have discussed elsewhere (Crother et al., 2007; Johnson et al., 2011), data such as these suggest that the acquisition of determinative PGC specification may facilitate speciation. Consistent with this, we previously showed that an induced mode of PGC determination is a developmental constraint and a determinative mode is a constraint release (Crother et al., 2007). More recent work demonstrated that the evolution of a determinative mode significantly increased the rates of evolution within a clade (Evans et al., 2014). While the mechanism for this remains unresolved, studies in amphibians, in which both modes of PGC determination exist, shed light on this problem.

Among extant amphibians urodeles retain basal embryological traits (Johnson et al., 2003a; Johnson and Alberio, 2015), and the induction mechanism for PGCs has been elaborated in axolotl embryos (Chatfield et al., 2014). In axolotl embryos, signals in the posterior-lateral mesoderm induce PGCs from pluripotent precursors. Importantly, this mechanism is a stochastic process that relies on homeostatic signaling within a germ cell niche, so that the disruption of signaling levels within the niche can terminate germ line development. Because this would result in an evolutionary dead end, the stochastic nature of induced PGC specification imposes a constraint on the ability of signaling systems within the early embryo to evolve. For example, in axolotls, and other vertebrates, PGCs develop within the posterior domain of the gastrulating mesoderm, a region whose development is dependent on fibroblast growth factor signaling. The abrogation of FGF signaling in axolotls terminates PGC development, concomitant with disrupted development of the posterior mesoderm, suggesting that the inductive mode of PGC specification constrains the potential for vertebrate embryos to evolve novel morphogenetic movements. Consistent with this, the formation and closure of the blastopore during embryogenesis has been conserved through the evolution of primitive to derived tetrapods (Shook and Keller, 2008), with the basic body plan primitive and conserved in basal vertebrate lineages. On this basis, we have speculated previously that the induced mode of PGC specification constrains morphological “experimentation” during development and concomitant with that are reduced rates of speciation (Johnson et al., 2003b; Crother et al., 2007).

The determinative mode, conversely, is a constraint release, which we argue increased/increases evolvability within lineages (Crother et al., 2007). In this mode, PGCs are rendered transcriptionally quiescent after specification by maternal molecules; therefore, they develop independent of the signaling regimes in neighboring somatic tissues in contrast to the induced mode. The gene regulatory network (GRN) for mesoderm in Xenopus includes expanded Nodal and Mix gene families which could not support the stochastic mode of PGC specification that is ancestral to amphibians. This provides evidence that the evolution of a determinative mode allows the GRNs that control early development to diverge from a conserved state (Swiers et al., 2010; Johnson et al., 2011; Chatfield et al., 2014). In Xenopus PGCs are determined early and then migrate to the anterior region of the embryo (Johnson et al., 2003b). With the PGCs protected, subsequent mutations in morphogenesis that lead to the production of novel morphological phenotypes would not affect or destroy the PGCs required to produce the next generation. In a way, Dixon (1994, P. 104) suggested the same thing, “…germ cells are segregated at a time and place that enables them to avoid the influence of the processes specifying adult body form.” That statement neatly summarized his (Dixon, 1994) enclave hypothesis, which he felt generally applied to all modes of PGC determination. In that respect we diverge from Dixon (1994), because we think that while determinative mechanisms offer protection of the PGCs, the induced mechanisms do not.

Having evolved a determinative mode, morphological “experimentation” during development could occur, potentially yielding increased rates of speciation. Consider as an example caudates contrasted with anurans. Salamanders, which have an induced mechanism, retain the primitive tetrapod body plan whereas frogs, which use a determinative mechanism, have radically anteriorized body plans with drastic reductions in the number of vertebrae, uniquely restructured sacral vertebrae, elongated pelvic elements, and enlarged hindlimbs. How the morphological release might work in invertebrates with radically altered body plans, such as mollusks, we do not know. However, given the demonstrated association between a determinative mode and rates of speciation, we think it is clear that early determination of PGCs in certain clades may increase evolvability.

We use the concept of evolvability in the manner of Kirschner and Gerhart (1998) and later authors as the ability of organisms to survive increased mutation loads and benefit from the increased genetic diversity through increased speciation rates. Or, as simplified by Brown (2014, P. 569) “…as the robust and abstract dispositional property of populations to evolve.” Tied to the greater genetic diversity would be the expectation of increased morphological diversity. So like Kirschner and Gerhart (1998), Cracraft (1990), and Davidson and Erwin (2006), among others, we see the production of novel phenotypes and potential key innovations as a simple mutation + development process. Evolvability is a clade level process and not acted upon by selection, but instead allows production of novel structures and phenotypes. These novelties may not be immediately apparent in their utility, but could be considered Gouldian spandrels (exaptations, Gould and Lewontin, 1979; Gould and Vrba, 1982; Gould, 2002). Thus, evolvability is a result of constraint release and is essentially an experimental evolutionary process in that each novelty is an experiment unto itself, i.e., a hopeful monster (Goldschmidt, 1940; Theißen, 2009).

Cracraft (1990) further argued that increased rates of diversification should be viewed as epiphenomena of innovations; therefore, that while key innovations may indeed be a constraint release and facilitate rate change, innovations themselves say little about causes of patterns of diversification. The pattern we see associated with the determinative mode of PGC determination is contra to Cracraft's (1990) prediction, and so we are not in general agreement with the idea that identified innovations are poor predictors of speciation patterns. For PGC determination mechanisms, innovation is strongly associated with increased rates of speciation (Crother et al., 2007; Evans et al., 2014).

In Erwin's (2007) discussion on the relationship between increased morphological disparity and increased diversification, he concluded that a concomitant increase in both would be the least likely to occur. A possible explanation would be that developmental GRNs would constrain developmental variability (Davidson and Erwin, 2006), at least at certain scales. The PGC data appear to provide evidence to support the scenario that Erwin considered least likely, because there is certainly increased morphological disparity associated with increased rates of diversification.

Davidson and Erwin (2006) suggested that conservation of body plans at the phylum level since the Cambrian is because of the evolution of “kernels” at the top of GRNs. They argue these GRNs are essentially invariant, and changes to them would be lethal. Because pluripotency is critical to any multicellular animal that goes through a unicellular phase, one might imagine that the pluripotency GRN, primarily established by the genes Oct4 and Nanog in vertebrates, would be one such kernel. And indeed Pou domain genes related to Oct4 have been shown to be involved in pluripotency in animals as distant as planarians (Önal et al., 2012) and cnidarians (Millane et al., 2011). However, the Oct4 gene was lost in frogs, teleost fish, and birds (Frankenberg and Renfree, 2013). Nanog was deleted from the frog genome about 200 million years ago (Dixon et al., 2010), and in teleosts it was rewired in a different GRN to regulate endoderm development, not pluripotency (Camp et al., 2009; Xu et al., 2012), long after the Cambrian. This was a massive change in a GRN for early development in vertebrates, which, for example, would be incompatible with development of mammals. It likely was made possible by the evolution of germ plasm, because pluripotent cells were no longer required to produce PGCs (Dixon et al., 2010; Johnson et al., 2011). Importantly, the loss of Oct4 occurred convergently in teleosts, frogs, and birds (theropods). So contra to the constrained kernels of Davidson and Erwin (2006), a vital vertebrate GRN can be changed, but presumably a compensatory component is required to relieve the constraint, in this case germ plasm. In animals with the induced mechanism, the pluripotency GRN appears to be conserved at least as far back as urodeles to mammals, and probably chondrostean fish as well (Dixon et al., 2010).

On Theropods and Sauropods

One of the extant groups of vertebrates that we did not do a sister group comparison on was Aves (about 10,000 extant species; we use Aves in the sense of Gauthier (1986), to refer to crown-group birds), even though we have data on crocodilians (23 extant species) which suggests they use the induced mode. Members of Aves, as we noted above, have the determinative mode and three orders of magnitude greater diversity than crocodilians. However, that comparison belies the fact that there are many other groups in the Archosauria between Aves and Crocodylomorpha (e.g., Gauthier, 1986; Benton, 1999). That fact would render the comparison of extant birds and extant crocodilians void of content.

Given that Aves is nested within Avialae, which is nested within Theropoda (Padian, 2004), the proper sister group comparison is between Theropoda and its sister clade, Sauropodomorpha (Padian et al., 1999). Unfortunately, we have no evidence for the PGC determination mechanism of sauropodomorphs, but based on the associations described above we can provide reasonable speculation. Current thought is that extant birds exhibit the determinative mode of PGC determination (Tsunekawa et al., 2000). The avian body plan is obviously derived relative to primitive tetrapods, as is the body plan of theropods in general. For example, Holtz and Osmólska (2004, P. 21) noted that “Theropoda, the sister taxon to Sauropodomorpha, is the most differentiated group among saurischians” (emphasis ours). Holtz and Osmólska (2004, P. 45) further note that many of the derived novel skeletal characters are associated with the hindlimb and “enhanced bipedal locomotion.” So although bipedalism is primitive for dinosaurs, the bipedal system was further modified in theropods. If pre-avian tetrapods already possessed the determinative mode of PGC determination, posterior morphological novelty is a possibility, because the PGCs can be anteriorized and sequestered early in development.

In contrast, sauropods exhibit “morphological conservatism” (Upchurch et al., 2004, P. 259). Admittedly, it is difficult to consider animals that weighed between 50 and 100 tons and reached lengths over 30 m as morphologically conservative, but the skeletal modifications can mostly be associated with the giant size as opposed to radical rearrangement of the general quadraped phenotype (Upchurch et al., 2004). The unfortunate problem with treating sauropods as possessing a basic conservative tetrapod body plan is that sauropods are secondarily quadrapedal, derived from the saurischian bipedal condition (Romer, 1956; Galton and Upchurch, 2004). The bipedal forms in the paraphyletic Prosauropoda appeared to have been variously more or less bipedal and quadrapedal, with their stance dependent upon their behavior, although there were a couple of species interpreted as fully bipedal. So while it appears that the body plan of sauropodomorphs should not be considered conserved, and thus our claims about PGC determination and diversification asymmetry would be wrong, it is worth noting that arguably the greatest morphological diversity and disparity in sauropodomorphs is anterior, in the modified skulls and elongated necks. In groups that exhibit an induced mode of PGC determination, it would be expected that posterior regions would remain conserved (because the PGCs must be there during development to receive the proper signaling regime) whereas the anterior could develop evolutionary novelties.

Remarkably, these characterizations are consistent with the species diversity associations found in extant forms. Extant birds alone account for about 9900 species and the remainder of extinct described theropods account for about 260 species for an estimation of 10,160 species (Lee et al., 2014). The estimated number of described sauropodomorphs is about 143 (Weishampel et al., 2004). If we extrapolate from the association described above (low species diversity, basic tetrapod body plan), we propose that sauropodomorphs exhibited the conserved primitive induced PGC determination mechanism whereas theropods, extant and extinct, use/used the derived determinative mechanism. In support of our claim that the determinative mode increased rates of morphological change and speciation, Lee et al. (2014) showed that theropod evolution occurred at rates about 150 times faster than other clades.

Coda

Buss (1988) was prescient in considering PGC determination mechanism as a significant factor in explaining asymmetrical patterns of species diversification. He posed the hypothesis that because the induced mode was strongly associated with increased rates of diversification, the induced mode could be a causal factor in differing rates of species diversification. This was a natural conclusion for the data available to him. Twenty-five years of accumulated data later, the evidence indicates that the hypothesis of Buss (1988) is falsified, that instead the determinative mode is associated with increased rates of diversification. The determinative mode of PGC determination is a constraint release that has enhanced evolvability and significantly increased rates of speciation and morphological disparity among clades. The concept of release is critical. We argue that the determinative mode allows the possibility of increased rates of speciation. While other processes cause the increased rates, without the allowance it won't happen. No doubt processes such as genome duplication, gastrulation mode, lineage restriction, etc. led to phenotypic and rate changes. However, none of these events could have occurred if the germ cell lineage was not fixed, and was thus rendered resistant to such changes.

We speculated on the mechanism in sauropodomorphs and suggest that this type of speculation be carried out for other groups. In mollusks for example, if known extinct species are included the asymmetry in diversification would probably be even more dramatic than the extant lineage-only comparisons. This would add further evidence that something as simple, yet critical for lineage continuity, as PGC determination mode could account for much of the variation in diversification rates and morphological disparity we see in the history of life.

To conclude, we present a caveat and tied to the caveat, a plea. The caveat is not insignificant but is based on the data available to us. Like Buss (1988) before us, our hypothesis is constrained by the available data. Even though there is much more data than in 1988, many of the groups' PGC determination modes are based on one or few exemplars. The same is true for the sister clade comparisons; while convincing in the congruence of sister clade asymmetrical species numbers, the comparisons are few as are the exemplars for those clades. This leads to the plea. The PGC determination mode needs to be studied in more species to test our hypotheses and our hope is that workers will be intrigued enough to collect such data.
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FOOTNOTES

1In these two massive groups, two possible exceptions have been described. Schröder (2006) suggested that a Tribolium beetle was induced. Based on our reading of Schröder, we are not convinced. Vasa is localized and the PGCs are set aside in the early developing embryo, classic marks of a determinative mechanism. Lin et al. (2014) suggested that the hemimetabolous pea aphid presented a determinative mechanism. This case is more tricky. The RNA is not localized, but presumptive PGCs begin to take up vasa protein during cellularization. We think this is probably due to translational control, as recently described in sea urchins (Swartz et al., 2014), which is an alternate form of “early” PGC commitment. However, if the family Aphididae is compared with its sister family Lachnidae, there is an asymmetry of 3300 to 320 species. Perhaps the aphidids evolved a determinative mechanism which led to its rapid diversification (von Dohlen and Moran, 2000) and actually represent a case in support of our argument.
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