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Genic and genomic data have been reshaping our understanding of the earliest radiation event of metazoans, the well-known Cambrian Evolutionary Radiation, not only from the respects of reshuffling the phylogenetic topologies of some animal phyla but by deciphering the deep homologies of many morphological features. These advances, together with the continuing discoveries of the Ediacaran-Cambrian fossils, are unveiling the cladogenetic process of the early metazoans and the patterns of morphologic evolution during this biological radiation event. In this review, I focus on a small but challenging field, the problematic fossils from the early Cambrian fossil Lagerstätten, such as the Chengjiang biota, mainly on the controversies concerning their interpretation and the consequent impacts on understanding the early evolution of animals. The bizarre body plans of the early Cambrian problematica alone do not account for the difficulties in studying their biology and affinity. Instead, it is the combined action of the taphonomic artifacts and the uncertainty in homologizing the preserved characters that impede generating plausible interpretations. Despite all these issues, a testable and repeatable method for interpreting fossils has emerged and is becoming more practicable. The integration of an evolutionary-grade conceptual frame is beneficial to the interpretation of the Cambrian problematic fossils. Together with the focus on taphonomic alternation and homologic assessment, the Cambrian problematic fossils are becoming more informative nodes in the “parsing tree” of early animal evolution.
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1 A SENTENTIOUS BACKGROUND
Ever since Darwin’s time, the early Cambrian has been a contentious geological interval remarkable for the sudden appearance of the fossils of diverse animal crown groups. Nowadays, it has been widely acknowledged that the boost of crown animal fossils during this short geological time interval represents a veritable evolutionary radiation event, i.e., the Cambrian Evolutionary Radiation (more popularly known as the Cambrian Explosion). Nevertheless, animal origin and their early cladogenesis might have a deep root in the pre-Cambrian period (Knoll and Carroll, 1999; Budd and Jensen, 2000; Valentine, 2002; Darroch et al., 2018). Extensive compilations of fossil discoveries and paleoenvironmental proxies, especially after integrating those from the last 2 decades (Sperling and Stockey, 2018; Wood et al., 2019), further confirm the previous claims that animals originated and their early clades diverged as a result of interplays of environmental controls (on life resources), developmental capacity and ecological boosting (Knoll and Carroll, 1999; Marshall, 2006; Rokas, 2008), via a gradual manner (Pontefract and Stone, 2007). In this sense, the diverse crown animal fossils that appeared in the early Cambrian rather than in the Neoproterozoic are not a taphonomic artifact. Rather, it can be logically interpreted as due to the decoupling of the Neoproterozoic evolutionary novelties, both of genetics and morphology, from the ecological successes in the early Cambrian (Seilacher, 2007; Erwin et al., 2011; Erwin, 2021). Such a scenario is intermittently endorsed by comparative studies of gene expression and gene regulatory networks (GRNs) across animal phyla, which keep revealing deep (genic) homologies of many features of crown eumetazoans, such as segmentation, eyes, appendages, muscles, etc. In other words, these features might have their GRNs (at least some elements) evolved in the last common ancestor of bilaterians (LCAB) or even earlier, but the key morphological innovations (the features themselves) that lead to the ecological success evolved later, sometimes in different bilaterian groups by convergence (Davidson et al., 1995; Kimmel, 1996; Arendt and Wittbrodt, 2001; Erwin and Davidson, 2002; Oakley, 2003; Chipman, 2010; Marshall and Valentine, 2010; Chipman, 2018). Another example is the origin and evolution of bilaterality. Growing comparative data reveal that the developmental toolkit of bilateral symmetry in bilaterians might have started to build up back into the time when metazoans began to assemble their multicellular body plan. For instance, Wnt and BMP signaling pathways and Hox genes, the most critical components of bilaterality GRNs, are all present (evolved) in the non-bilaterian taxa (Martindale, 2005; Erwin, 2009; Martindale and Hejnol, 2009), albeit bilaterian-specific genes might mark the appearance of the first true bilaterian (Heger et al., 2020). Intriguingly, further comparisons of gene controls and developmental data with the non-bilaterian animal Nematostella (Cnidarian) show that bilaterality does not necessarily evolve only once during the transition from non-bilaterians to bilaterians (Genikhovich and Technau, 2017).
This framework of the early metazoan evolution inferred from the combined data of genetics and development, together with that from paleontology itself, has profoundly influenced the paleontologic community. For example, it has been accelerating the shift of the community focus from the early Cambrian animals to the records of Ediacaran, Cryogenian, or even Tonian (Knoll and Carroll, 1999; Mills et al., 2018), the periods during which metazoans are predicted to have originated and diverged (Yang et al., 2007; Peterson et al., 2008; Reis et al., 2015; Lozano-Fernandez et al., 2017; Costa-Paiva et al., 2022). Searching for representatives of extant phyla in the Neoproterozoic strata is becoming more promising, as exemplified by recent discoveries of bilaterian fossils (Chen et al., 2019; Evans et al., 2020) and crown cnidarian in Ediacaran (Dunn et al., 2022). So do searching eumetazoan features in Ediacaran fossils and homologizing them across the metazoan tree (Droser and Gehling, 2015; Zhuravlev et al., 2015; Dunn et al., 2017; Dunn and Liu, 2019; Schiffbauer et al., 2020; Evans et al., 2021). This growing body of evidence further validates the long-standing point that eumetazoans and their main subclade bilaterians originated before the onset of the Cambrian. Nonetheless, such a condition does not necessarily eliminate the importance of the Cambrian fossils, as the main burst of animal phyla and the evolution of their stem groups are still hinted to have occurred in the early Cambrian under the framework summed up above. More importantly, the early Cambrian fossils, particularly those with soft-bodied tissues preserved, can provide unparallel evidence about the morphology of early animals on account of the unusual amount of fossil Lagerstätten during this time interval and the exclusive information of the soft-body parts unseen in general preservation (Butterfield, 2003; Briggs and Fortey, 2005; Budd, 2013; Briggs, 2015).
Most Cambrian soft-bodied fossils can be assigned to living animal phyla with varying degrees of confidence based on shared characters, making it less problematic to interpret their morphology and evaluate their evolutionary significance. Examples of this category are various diverse euarthropod fossils that are widely considered to occupy different positions along the stem lineages of arthropods (see Edgecombe, 2020 for a recent review). In addition to these ‘normal’ fossils, however, there are many Cambrian fossils that cannot be readily allied to extant phyla, known as problematic fossils or ‘wired wonders’ (Gould, 1989). They usually possess a body plan incompatible with the living animal phyla or, occasionally, bear features across diverse (supra-)phylum-level clades. The importance of the fossil problematica in understanding the early animal evolution has long been acknowledged (Hoffman & Nitecki, 1986; Simonetta & Conway Morris, 1991). Interpreting their morphology and inferring their affinities, particularly those with preserved soft tissues are proven to be very challenging though. This is not only because of their bizarre body plan, but due to taphonomy, the process of transforming living organisms into fossils exerts much more alternations to their preserved morphology than to fossils only with hard parts (Briggs and Williams, 1981; Allison, 1986; Briggs, 2003). The methodology for studying problematic fossils has been developed and improved with time. Two crucial issues have been identified initially, i.e., 1) the necessity to evaluate multiple hypotheses on the interpretation of morphology, and 2) the employment of computer-based cladistic analysis, which are expected together to bring forth repeatable and testable results (Beall, 1991). With the rapid utilization of computer tools, morphology-based cladistic analysis has become a conventional method in palaeontologic studies. It is worth noting, though, that the validation of cladistic analysis heavily relies on the quality of the matrix it works on, of which the coding of fossils is solely based on the interpretation. That is to say, the first issue, evaluating all alternative interpretations, plays an essential role in studying problematic fossils. This usually comes down to distinguishing taphonomic artifacts, selecting comparative models, assessing homologies, and of course, collecting new fossils (Jenner and Littlewood, 2008; Donoghue and Purnell, 2009; Cong et al., 2015).
Over the last 3 decades since a special international symposium on problematica (Simonetta & Conway Morris, 1991), remarkable advances have been achieved in this small but challenging field. Some Cambrian weird wonders have found their ‘home’ in the animal tree of life, such as conodonts as chordates (Sansom et al., 1992; Aldridge et al., 1994; Pridmore et al., 1996; Donoghue et al., 2000), cambroernids as stem ambulacrarian (Caron et al., 2010; Li et al., 2023), halkieriids as molluscs (Vinther et al., 2017), camenellan tommotiids as stem lophophorate (Guo et al., 2022), radiodonts (anomalocaridids and their relatives) as a lower stem group of euarthropods (Budd and Telford, 2009; Daley et al., 2009; Edgecombe and Legg, 2014). While some other fossil taxa are turned into problematica with increasing, drastic debates concerning their morphology and affinities, such as yunnanozoans (Hou et al., 1991; Chen et al., 1995; Dzik, 1995; Shu et al., 1996; Chen et al., 1999; Mallatt et al., 2003; Shu, 2003; Shu et al., 2003; Cong et al., 2015; Tian et al., 2022), vetulicolians (Hou, 1987; Shu et al., 1999; Shu et al., 2001; Lacalli, 2002; Briggs et al., 2005; Caron, 2005; Shu, 2005; Aldridge et al., 2007; Lieberman, 2008; Ou et al., 2012; García-Bellido et al., 2014) and nectocaridids (Simonetta, 1988; Chen et al., 2005; Smith and Caron, 2010; Mazurek and ZatoŃ, 2011; Smith and Caron, 2011; Smith, 2013) etc. A similar situation also occurred in extant problematic taxa (e.g., placozoans, xenoturbellids, aceolomorphs, chaetognaths), of which the progress has been constantly reviewed in the systematic phylogeny field (e.g., Jenner and Schram, 1999; Edgecombe et al., 2011; Dunn et al., 2014; Telford et al., 2015; Giribet, 2016; King and Rokas, 2017).
In this review, I mainly focus on the controversies in the interpretation of the Cambrian problematic fossils and propose to integrate the concept of evolutionary grade into the interpreting process. Examples, especially those I have worked on during the last couple of years, are used to demonstrate how this developing method impacts our understanding of early animal radiation. This is not to say, however, that other Cambrian problematic fossils are not important. These examples are chosen mainly because they are typical in understanding the evolution of the three main metazoan grades (sponge-, diploblastic, and bilaterian), and in illustrating the impacts of the interpreting method.
2 INTEGRATING THE CONCEPT OF EVOLUTIONARY GRADE INTO INTERPRETING PROBLEMATIC FOSSILS
Like all other evolutionary studies, interpreting problematic fossils requires a phylogenetic frame as robust as possible. However, phylogenic analyses themselves, either morphologic data-based or molecular data-based, are a debate topic. This is particularly emblematic of the relationships among animal phyla and the higher taxonomic levels (Jenner and Schram, 1999; King and Rokas, 2017; Kapli et al., 2021). Such as it is, the profound revolutions in animal phylogeny in the last 3 decades have provided a more accurate phylogenetic topology than ever before, as marked by the recoveries of the three great clades (deuterostomes, ecdysozoans, lophotrochozoans) of bilaterians in the mid-1990s, (e.g., Aguinaldo et al., 1997). Many animal phyla (and sub-phyla) of these three clades have their phylogenetic positions reshuffled from the traditional classification based on morphology, anatomy, and embryogenesis, and many consensuses have been achieved. For example, several crucial phylogenetic relationships among higher taxonomic levels of deuterostome are now consistently embedded in the literature, with echinoderms and hemichordates grouped in a clade named ambulacraria and cephalochordate being the sister group to the olfactories (tunicates and vertebrates), (e.g., Swalla and Smith, 2008; Peterson and Eernisse, 2016; Nanglu et al., 2023). In protostome, we are now more confident about the phylogenetic position not only of the common animals such as arthropods, molluscs, annelids, brachiopods, and bryozoans but of some small cryptic groups such as chaetognaths, gnathifers, tardigrades, xenoturbellids, aceolomorphs (Laumer et al., 2019), albeit final agreements are far from being reached about the inner relationship in either ecdysozoans (e.g., Giribet and Edgecombe, 2017) or lophotrochozoans (e.g., Kocot, 2016; Marlétaz et al., 2019). While in the basal part of the animal tree of life, the phylogenetic position of ctenophores have recently become a bitterly disputed issue on whether they or sponges are the first branch of metazoans (see King and Rokas, 2017 for a recent review on this topic). And several recent genomic phylogenetic analyses began to question the monophyly of deuterostomes (Philippe et al., 2019; Kapli et al., 2021). In sum, these continuously updating metazoan phylogeny would inevitably alter the interpretation of the Cambrian problematic fossils, almost all of which are now considered stem groups of metazoan clades, or at least are interpreted in the conceptual framework of stem group (Budd and Jensen, 2000; Briggs and Fortey, 2005).
The introduction and application of the concept of stem group in paleobiology have facilitated the interpretation of fossils, including problematic ones, by allowing to plot the acquisition sequence of synapomorphic characters of crown groups along their stem lineages in a stepwise manner (Jefferies, 1979; Budd and Jensen, 2000; Briggs and Fortey, 2005; Donoghue, 2005). In the case of problematic fossils, the situation is much more complicated though. This is mainly because identifying the affinities of a problematic fossil taxon needs to determine first which phylum or higher-level taxon it might belong to, which itself is a matter of debate. For example, the proposed affinities of Yunnanozoon lividum Hou et al., 1991 from the Chengjiang biota range from the stem all through to every subclade of bilaterians, such as ecdysozoans, lophotrochozoans, and deuterostome (Cong et al., 2015) (see Section 4 for details), a situation which clearly cannot be accommodated simply by the stem group concept. Similarly, the debates on Conicula striata Luo et Hu, 1990 mainly concern whether it is a diploblastic animal or a triploblastic lophophorate (see Section 3.3 for details), which would require a different conceptual frame, such as evolutionary grade, within which to conduct character identification, morphological comparison, and homological reasoning before its morphology can be further evaluated as stem group of a particular clade.
The term evolutionary grade was first coined by Huxley (1959) and defined as a level of evolutionary advance in a (or part of) given tree of life. In practice, the term grade is usually used as a taxonomic combo as it is not necessarily monophyletic. This attribute has limited its wide usage in modern phylogenetic and systematic works that usually aim to recover monophyletic clades. The evolutionary grade is typically introduced and defined by a key morphological innovation that contributes to advantages in evolutionary and ecological adaptation (Figure 1). For example, all feathered dinosaurs (polyphyletic) can be regarded as an evolutionary grade from which the modern aves arose as feathers might have given them advantages in displaying sexual attraction and keeping body temperature during the early evolution of stem birds and their dinosaur relatives. In modern theory, the morphological innovation that leads to ecological success is regarded as a gradual assembling of evolutionary novelties, either of genetic or functional components and developmental identities (Wagner and Lynch, 2010; Erwin et al., 2011; Erwin, 2015; Erwin, 2021). This means the evolutionary innovation of a morphology feature can be decomposed into a hierarchical scheme, with each hierarchy level representing a sub-grade if they are distinguishable in some sense. For example, the bilaterian grade is marked by the innovation of bilaterality that can be decomposed into two hierarchical levels at least, say the novelty (or innovation) of the anterior-posterior (A-P) axis and the logically later novelty of the dorsal-ventral (D-V) axis. This scenario can be inferred because we know that cnidarians, ctenophores, and some sponges have an oral-aboral axis that is comparable with (but not necessarily homologous to) the A-P axis of bilaterians but lack an actual D-V axis (Martindale, 2005; Martindale and Hejnol, 2009; Kraus et al., 2016; Genikhovich and Technau, 2017). In this sense, the origin of bilaterian clade can be decoupled into a hierarchical scheme with two different levels. And this view of evolutionary grade is argued here to be applicable to the animal tree of life.
[image: Figure 1]FIGURE 1 | Evolutionary grades and the extinct taxa interpretation. (A) An ideal condition illustrating three evolutionary grades (A, B, C) introduced by three evolutionary innovations (a, b, c in circles). Each innovation marks the establishment of a clade that gives rise to four subclades. Each grade, innovation, and the related multiple evolutionary novelties (short transverse line) are distinguished by colors (reddish, green, and purple). Note the earlier grades A and B only have one subclade (a1 and b1) that survived. Extinct fossils (stars) with the same color denote their grade origin or convergent evolution of similar features. (B) In a conventional dichotomous tree, the evolutionary grades are not easy to be depicted, even when the topology is fully resolved.
Each node of higher taxonomic levels in the animal tree of life, usually defined by at least one key morphological feature (synapomorphy), can also be treated as an evolutionary grade. In addition, the animal body plan can be disassembled into hierarchical levels from the perspective of GRNs (Davidson and Erwin, 2006; Erwin and Davidson, 2009; He and Deem, 2010) and thus can potentially be treated as another hierarchical system of evolutionary grades, although linking this GRN hierarchical system with the morphological innovations is still awaiting more works on morphological genesis. Nevertheless, Nielsen’s six steps summarized from morphological and developmental data can be used as another upgradable working template for depicting the evolutionary grades of the early animals (Nielsen, 2008; Nielsen and Parker, 2010; Nielsen, 2019).
This view of evolutionary grades might merely mean a few things in recovering the animal tree of life, as the grades are usually non-monophyletic. However, it can be beneficial to interpret the problematic fossils in several aspects. Firstly, identifying the evolutionary grade can help narrow the range of model selection. In the recently formalized procedure of problematica interpretation, comparing models need to be chosen after the characters of a problematic fossil are identified correctly (Donoghue and Purnell, 2009; Cong et al., 2015). Choosing the comparing models is somewhat arbitrary and lacks instructions in practice. Identifying the potential evolutionary grades of a problematic fossil is a testable and resultful procedure in selecting models, thus facilitating its interpretation. Secondly, evolutionary grades can facilitate the visualization of all potential characters that need to be compared with and all potential phylogenetic positions that need to be considered. Assuming a clade with three evolutionary grades (A, B, C), each with four subgroups (Figure 1A). A problematic fossil with any combination of the novelty characters (colored short transverse lines in Figure 1A) from the three grades can be tentatively grouped within this clade. In this sense, the terminal nodes of extinct taxa represent all possible phylogenetic positions, a situation analogous to the known conditions in interpreting the Cambrian problematic fossils. This large number of possibilities can be narrowed down to a smaller subset if the grade that the fossil belongs to can be confirmed (for example, Grade B). Then the interpretation of the fossil, both about its characters and affinity, would be turned into a question of whether it is an extinct member of clade B or a remote extinct taxon descendent from groups a1 or a2 (Figure 1A). In short, the advantage of integrating this evolutionary grade into the interpretation of problematic fossils is prominent as it not only further decomposes one more testable step but clarifies the specific objectives during the practice of interpreting. For example, during the re-interpretation of the Chengjiang fossil C. striata, it was noticed that at least three sets of features are arranged in a radial manner (tentacles, spine-like structures, and longitudinal lines), which strongly argues a radial symmetry. This higher hierarchical level of body plan fits C. striata well into the diploblastic grade, which would exclude selecting any bilaterians as its comparing models (Zhao et al., 2023).
It is worth noting that in a conventional dichotomous tree that focuses on the stem group concepts, the evolutionary grades are easy to be overlooked (Figure 1B). However, I am not arguing that stem groups are disadvantageous; this just means that integrating the evolutionary grade concept helps bring forth repeatable and testable results in interpreting problematic fossils, two principles set up back to 1990s (Beall, 1991). It should also be noted that the resolution of evolutionary grades heavily relies on our understanding of the origin and evolution of innovations, i.e., the assembling sequence of the novelties. In the practice of metazoan, the uncertainty in the phylogenetic relationships and the polarity of critical features (the morphological innovations) impede the application of the evolutionary grade analysis. A more practical method might be to allow the parallel systems of evolutionary grades to exist in a given tree. For example, chancelloriids have a similar developing mode with sponges and thus can be regarded as sponge-grade animals (Cong et al., 2018). This does not conflict with the claim that chancelloriids are epitheliozoan-grade based on the presence of epidermal-derived integument (Bengtson and Hou, 2001; Yun et al., 2021) (see below).
3 NON-BILATERIAN PROBLEMATIC FOSSILS AND THE “EUMETAZOAN” GRADES
3.1 The body plan of early animals was assembled in a graded manner
The diverse animal body plans are one of the most marvelous evolutionary results in the history of life. Multicellularity is the first and most fundamental step in the origin of metazoans, which would require adhesion, communication, and differentiation among cells decedent from their unicellular ancestors (Richter and King, 2013; Brunet and King, 2017; Sebé-Pedrós et al., 2017). It is on this foundation that the establishment of body axes (and body symmetry), the differentiation of germ layers, and the emergence of peripheral tissues/organs can be unfolded in various temporal and spatial patterns along extinct and living groups. The evolutionary history of metazoans before the appearance of the first urbilaterians is sporadically recorded in the fossils from the later Neoproterozoic to the early Cambrian period and deeply embedded in the genomes of non-bilaterian animals. Unfortunately, both the two sources of information are heavily blurred by the long-time evolution, as reflected by the controversies in interpreting the Ediacaran fossils (e.g., Seilacher et al., 2003; Dunn and Liu, 2019) and the violent debates on the phylogenetic relationships of non-bilaterian groups (see Giribet, 2016; King and Rokas, 2017 for the recent review). Despite all these, a consistent view of early animal evolution, particularly concerning their body plan, is emerging, which is essential in interpreting fossils. This comes to two points: 1) the identity of morphological characters, such as body axes, rooted in their GRNs, and 2) the animal body plan was assembled gradually (although probably rapidly), either of morphology or genetics if we take the body plan of triploblastic bilaterian as a point to polarize the evolution non-bilaterians. The first point allows the interpretation of fossil characters to fit into a framework constructed from the comparative genomic and genetic work after further adequate morphogenetic information is integrated. For example, we are now becoming more confident than any time before to discuss the development of Ediacaran fossils purely based on morphological data and link this with early animal evolution (Dunn et al., 2017; Evans et al., 2021). While the second point enables us to decompose the early evolution of animals into different (sets of) grades, thus making the interpretation of fossils a more testable procedure.
3.2 Interpreting chancelloriids in hierarchical evolutionary grades
Chancelloriids are a group of Cambrian fossils bearing a saccular body covered with hollowed sclerites (Figure 2A). They have a well-constrained apical-abapical axis, like some living sponges (Leininger et al., 2014). Although the sclerites of chancelloriids are not arranged in any sign of a symmetrical pattern, neither those on the main body part nor of the oral tufts, the roughly perfect conical or cylindrical body with one axis indicates that they have a radial symmetry (Bengtson and Collins, 2015). Intriguingly, the comparative study reveals that a growing zone might be in the subapical region, which can developmentally maintain the difference of the sclerites in the tuft and other body regions (Bengtson et al., 1996; Bengtson and Collins, 2015; Cong et al., 2018), a developmental pattern also known in living calcarean sponge Sycon ciliatum (Voigt et al., 2014). This body architecture of chancelloriids, together with their unique skeletonization, epidermis-derived integument (Bengtson and Hou, 2001; Yun et al., 2021), and the inferred muscular contraction (Bengtson and Collins, 2015), confine the phylogenetic position of chancelloriids within the evolutionary grades before the origin of bilaterians, either as sponges (Botting and Muri, 2018), sponge-like (Cong et al., 2018), cnidarian-like (Bengtson and Collins, 2015) or epitheliozoan-grade animals (Yun et al., 2021) that include sponges and cnidarians (see below).
[image: Figure 2]FIGURE 2 | Selected non-bilaterian problematica from the early Cambrian. (A) chancelloriid Allonia nuda Cong et al., 2018, YKLP 13501. (B) Mackenziid Paramackenzia canalifera Zhao et al., 2022, YKLP 13348. Inset showing the stalk preserved in the counterpart. (C) Diploblastic probematicum Conicula striata Luo et al., 1999, YKLP 13212. Image courtesy of Zhao, Y. Scale bars: 2 cm (A); 1 cm (B); 5 mm inset of (B), (C).
Among the features of chancelloriids highlighted above, an apical-abapical axis would represent a higher hierarchical level of the evolutionary grades as the tissue/organ-based grades would require this spatial dimension at first, although their origins were not necessarily later than the origin of the axis. In this sense, an evolutionary grade of one main body axis may include many monophyletic taxa, such as the living clades of sponges, ctenophores, cnidarians, bilaterians, and the fossil taxa such as chancelloriids and many Ediacaran fossils. In theory (Figure 1A), chancelloriids can be the stem group of the living clades or represent an independent extinct clade that originated during this grade. Furthermore, in bilaterians, an additional D-V axis and left-right axis are present, which, together with the A-P axis, define the spatial frame of the body architecture. Additional axes are also known in ctenophore (stomodeal axis and tentacular axis) and cnidarians (directive axis). To this extent, chancelloriids are more comparable with sponges in lacking any other symmetrical axis/plane in addition to their apical-abapical one assuming their body plan is not a product of secondary reduction.
Under the hierarchical level of the body axis are those levels of tissues/organs, such as musculature, epithelia, and canal system, etc. In this sense, the inferred presence of contracting muscles in chancelloriids is critical not only in understanding their anatomy but in testing their phylogenetic analysis (Bengtson and Collins, 2015). Sponges are generally thought lacking muscles, while ctenophores, cnidarians, and bilaterians all bear musculatures. However, the controversy concerning the phylogenetic position of ctenophores (Dunn et al., 2015) and the convergent evolution of muscles in cnidarians and bilaterians (Hejnol, 2012; Steinmetz et al., 2012) hamper to evaluate the significance of chancelloriid muscle at the current stage.
The complex integument of chancelloriids indicates that they might bear epithelia (Bengtson and Hou, 2001), a feature previously thought lacking in sponges. This has led to the idea that chancelloriids might represent a higher grade, epitheliazoans that is defined to exclude sponges (Janussen et al., 2002), an idea recently resurgent (Yun et al., 2021). However, it is clear that sponges do have epithelium (Leys et al., 2009; Vernale et al., 2021); thus, the epithelium-bearing grade would be equivalent to the eumetazoans that include sponges (Nielsen, 2019). The argument of chancelloriids being epitheliazoans grade, therefore, does not preclude the potential that they are sponge-related metazoans.
The biomineralization of chancelloriid sclerites is uniquely different in structure and composition from the sponge spicules (Bengtson et al., 1996; but see Botting and Muri, 2018 for a different view), which has led Bengtson and Collins (2015) state that ‘this discrepancy is at the heart of most of the controversy surrounding the nature chancelloriids.’ However, the emerging idea that early sponges might lack spicules (Yin et al., 2015; Andrade et al., 2021; Turner, 2021) and the biomineralization toolkit has a deep origin in pre-metazoans (Murdock, 2020) weakens this claim. In the biomineralization grade, which must have occurred several times in the life history (Knoll, 2003; Pérez-Huerta et al., 2018), differences would have little phylogenetic implications.
3.3 Some problematic fossils of diploblastic grade
Traditional views from embryology, development, and morphology treat the diploblastic animals, i.e., ctenophores and cnidarians, as an intermediate grade between sponges and bilaterians, which is supposed to have documented the transition from a radially organized ancestor to the LCAB. While the general principles remain standing, the detailed scenarios within this view have been fundamentally altered by new data from genomic phylogeny, development, and genetic controls on the evolution of body axes and peripheral tissues/organs. The uncertainty about the phylogenetic position of ctenophores poses the possibility that their complex features, such as striated muscle, and interconnected nerve nets, are probably produced by convergent evolution (Dunn et al., 2015), although these confront the parsimony criteria from the perspective of morphology (Nielsen, 2019). Intriguingly, updated comparative studies of embryology, including cell fate mapping and gene regulation, reveal that the gastrulation sites in cnidarian and bilaterians are different, thus negating the assumed homology between the oral-aboral axis of cnidarians and the A-P axis of bilaterians, and the homology of the mouth opening in these two groups (Martindale and Hejnol, 2009). This result is further reinforced by the expression pattern of Hox genes in cnidarian N. vectensis, which reveal that the staggered expression of Hox genes is unfolded along the directive axis rather than the oral-aboral axis of Nematostella vectensis (He et al., 2018; Technau and Genikhovich, 2018). In addition, there is evidence rejecting the homologies of the musculature (Hejnol, 2012; Steinmetz et al., 2012) and the condensed nervous system between cnidarian and bilaterians (Martindale and Hejnol, 2009). All these new data hints at a complicated transition from a radially organized ancestor to the LCAB.
Despite all these, something consensus can still be reached from this updated view of evo-devo for guiding the interpretation of problematic fossils. For example, the staggered expression of Hox genes in cnidarians indicates that their radially arranged tentacles, probably all other tissues/organs with the same circular repeating pattern, might represent the ancestral state before the body axis is reorganized in the stem groups towards the urbilaterian. And it is known that this repetitive pattern regulated by Hox can generate varying numbers, as seen in the segmentation number of arthropods, annelids, and chordates. With this new light, it would not be surprising to see a varying number of faces (6, 10, 14, etc.) in hexangulaconulariids (Guo et al., 2019; Guo et al., 2021), an extinct group of cnidarians. Other radially arranged tissues/organs of diploblastic animals might also be controlled by the same gene-regulating mechanism, such as the tentacles, canal systems, and mesenteries, etc. In other words, the genetic control of Hox genes on ‘radially’ arranged tissues/organs represents an innovation/grade in the evolution of non-bilaterian animals. This indicates that any problematic fossil with one axis and some radially arranged peripheral tissue/organs should be a member of this evolutionary grade.
Mackenziids are a rarely noticed problematic fossils with only two genera known by now, Mackenzia from the Burgess Shale (Walcott, 1911) and Paramakenzia (Figure 2B) from the Chengjiang biota (Zhao et al., 2022). They are atentaculate animals with an elongated cylindrical body and only an apical-abapical axis. In addition, mackenziids bear longitudinal strands that are radially arranged, along which small transverse tubular structures evenly occur (Zhao et al., 2022). These strands are interpreted as septal lamellae that bear hollow tubes connecting the internal cavity to the exterior, a canal system. Between the septal lamellae are tubular modules comparable with some Edicarian fossils, such as Ernietta. Interestingly, the septal lamellae seem to be able to extend into the stalk and merge into a fewer number (inset in Figure 2B). These radially arranged lamellae with a canal system represent a peripheral organ added to the apical-abapical axis. In this sense, makenziids can be confidently interpreted as diploblastic-grade animals with a more complex body plan than chancelloriids. While the differentiation of the main body and the stalk, particularly their different number of septal lamellae, represent an independently evolved body regionalization.
Another rarely mentioned example is C. striata from the Chengjiang biota (Figure 2C). The early description was only based on one poorly preserved specimen. A very recent description of 51 specimens reveals that Coniclua has a conical shell, a columnar body, and circumoral tentacles, all of which show perfect radial symmetry (Zhao et al., 2023). These radially arranged structures put a constrain on the phylogenetic position of Conicula as being a diploblastic animal. While any other alternative hypotheses on the affinity of Conicula, such as lophophorate (Luo et al., 1999) and deuterostomes (Caron et al., 2010), would require at least one bilateral feature to be confidently identified. Based on this step of determining the evolutionary grade, further character coding in the model of cnidarians is integrated into a phylogenetic analysis, which reveal that Conicula might potentially be a polyp form of ancestral medusozoans (Zhao et al., 2023). Through the procedure highlighted above, every interpretation step of Conicula becomes testable and repeatable.
Perhaps the most surprising outcome in the recent interpretation of the problematic Cambrian fossils is grouping Xianguangia with Dinomischus into a group of dinomischiids and recovering them in the stem group of ctenophores (Zhao et al., 2019). Xianguangia has long been viewed as an icon fossil of the Cambrian sea anemone (Hou et al., 2017) or stem cnidarian (Ou et al., 2017). While Dinomichus was pervasively conceived as a bilaterian (Conway Morris, 1977; Hou et al., 2017). Extensive investigation of dozens of specimens from the Chengjiang biota reveals that these two taxa, together with a newly erected Daihua sanqiong, share the same body plan. They all possess 18 radially arranged tentacles with pinnules and a calyx with radial septa (Zhao et al., 2019). Again, these two sets of radially arranged body structures constrain the affinity of dinomischiids within diploblastic grades. Further phylogenetic analysis supports dinomichiids lying in the stem towards the crown ctenophores (Zhao et al., 2019).
4 PROBLEMATIC FOSSILS OF BILATERIAN GRADE–AN EXAMPLE OF YUNNANOZOON
The establishment of bilateral symmetry, together with the differentiation of the mesoderm layer, lays the foundation for the diverse body plan in the bilaterian grades. It is within the three-dimensional space of the A-P, D-V, and left-right axes that manifold tissues/organs are organized in various patterns. In this sense, the bilateral symmetry, usually illustrated by the paired structures, represents the highest level of hierarchical grade in the diversification of bilaterians. While those bilaterian-specific organs and structures, such as eyes, various appendages, and segments, are at the lower level of hierarchical innovation but usually have deep (genetic) homologies back into the diploblastic grade or earlier (Davidson et al., 1995; Kimmel, 1996; Arendt and Wittbrodt, 2001; Erwin and Davidson, 2002; Oakley, 2003; Chipman, 2010; Marshall and Valentine, 2010; Chipman, 2018), with the latter scenario responsible for most convergent evolutions known in bilaterian groups. The diverse body plans within each of the three great clades of bilaterians (deuterostomes, spiralians, and ecdysozoans) are indeed produced partially by these lower-level hierarchical innovations that occurred in various combined ways. For example, there are no credible morphological features to define deuterostomes, spiralians, or ecdysozoans, thus it is quite difficult to structure evolutionary grades along their evolutionary path. The lack of recognizable evolutionary grades in the three great clades strongly impacts interpreting the problematic bilaterian fossils. For example, vetulicolians has been interpreted either as protostomes (Hou, 1987; Briggs et al., 2005; Caron, 2005; Aldridge et al., 2007; Lieberman, 2008) or deuterostomes (Shu et al., 1999; Shu et al., 2001; Lacalli, 2002; Shu, 2005; Ou et al., 2012; García-Bellido et al., 2014). Characters used to support these two hypotheses is as equivocal to each other, making it impossible to constrain vetulicolians either within protostome grade or deuterostome grade with current evidence.
Another pertinent example is the debates about yunnanozoans that are only known from the Chengjiang biota, south China. Historically, three species allied to two genera have been described. Recent work synonymized the three species into one taxon, Yunnanozoon. lividum (Cong et al., 2015). Yunnanozoon is a fusiform animal with seven anterior metameric filamentous arches covered by membrane sacs, a series of dorsal imbricating segments, an axial void region with stripes, a ventral coiled tube, and four pairs of dark circles located right before the coiled tube (Figures 3A, B). Over the last 30 years, debates on Yunnanozoon have been unimaginably divergent, with about ten proposed affinities have been proposed (Figure 3C), partially reflecting the difficulties in interpreting this fascinating animal. These include stem bilaterian (Dewel, 2000), protostome with uncertainty (Hou et al., 1991), gnathifera spiralian (Cong et al., 2015), ecdysozoans (Bergström, 2010), stem deuterostome (Shu et al., 2003), stem ambulacraria (Shu and Morris, 2003), hemichordate (Shu et al., 1996), stem chordate (Dzik, 1995), cephalochordate (Chen et al., 1995), and stem vertebrate (Chen et al., 1999).
[image: Figure 3]FIGURE 3 | The early Cambrian problematic bilaterian Yunnanozoon lividum Hou et al., 1991. (A) One of the most complete specimens (YKLP 13005) with the sac membranes preserved exterior to the filamentous arches (invisible). (B) Lines and shapes of the unanimous morphological features of Y. lividum, with each feature given a neutral describing term. (C) Proposed affinities of Y. lividum across the animal tree. ① stem bilaterian, Dewel, 2000; ② protostome uncertain; Hou et al.,1991; ③ spiralians Cong et al., 2015; ④ ecdysozoans; Bergström 2010; ⑤ stem deuterostome Shu et al., 2003; ⑥ stem ambulacraria; Shu 2003; ⑦ hemichordate; Shu et al., 1996. ⑧ stem chordate; Dzik 1995; ⑨ cephalochordate; Chen et al., 1995; ⑩ stem vertebrate (craniate), Chen et al., 1999. (D)–(G) feeding structure of Y. lividum, showing the relative position of the ADR and AVR. (D) RCCBYU 10339, (E) YKLP 13058, (F) YKLP 13024, image flipped horizontally, (G) YKLP 13065. Scale bars: 1 cm (A); 2 mm (D), (E); 5 mm (F), (G).
The early dispute concerning Yunnanozoon was mainly caused by incongruence in identifying the preserved features. For example, the dorsal cuticularized repetitive units have been interpreted as myomeres in chordate hypotheses (Chen et al., 1995; Dzik, 1995; Chen et al., 1999) but rejected by others (Hou et al., 1991; Shu et al., 1996; Shu et al., 2003; Shu et al., 2010; Cong et al., 2015). Such inconsistencies in identifying characters are not rare in studying problematic fossils. Testing a reliable character identification would require eliminating taphonomic artifacts and employing neutral terms to describe the preserved features before identifying them as morphologic characters (Donoghue and Purnell, 2009; Cong et al., 2015). Indeed, a more radically testable manner has been applied to interpreting Yunnanozoon, which not only neutrally describes and tests all preserved features via comparatively scrutinizing all specimens available but even puts the interpretation of body orientation (such as anterior, posterior, dorsal, and ventral) in a testable model (Cong et al., 2015). This method has produced a number of unanimous morphologic characters present in Yunnanozoon and laid a testable foundation upon which to interpret the homologies of these characters and, ultimately, the affinity of this problematic fossil (Figure 3B).
Yunnanozoon is a bilaterian animal as manifested by the paired ventral circular structures and the paired filamentous arches, thus fitting well in the bilaterian grade (Cong et al., 2015). However, other features, such as the anterior filamentous arches, the dorsal repetitive units, and the axial stripes, are a matter of debate concerning their biological nature. In this sense, interpreting Yunanozoon is turned into a series of questions on homologizing these features within the bilaterian grade. It is worth noting that the homology of one character needs to be reconciled with that of all others. A primary comparison of the preserved features of Yunnanozoon reveals this is not an easy task (Cong et al., 2015). The cuticularized dorsal segments allude to an affinity within the protostomes, while the filamentous arches superficially resemble the gill arches of chordates although prominent differences exist in the sub-structural composition of these two arch systems. These difficulties in reconciling the potential homology of one character with another in Yunnanozoon might be a reflection that early bilaterians exploit the peripheral tissue/organs in more diverse pathways than those seen in the living clades.
The metameric arranged filamentous arches, together with the dorsal and ventral sclerotized rods they attached with, are the most contentious structural complex of Yunnanozoon. The inferred anterior location and the connection with the interpreted gut indicate this complex has a function of feeding. Confusingly, however, this structural complex is more commonly known to be easily detached from other body parts (Figure 3E) and preserved in aggregation. In addition, when preserved with their outer coverings, the membrane sacs, in articulated specimens, the filamentous arches seem more prone to decay (Figures 3F, G). All proposed affinities as chordates or other deuterostomes are based on the speculation that these filamentous arches, and the implied gill slits, are homologous with those of chordates or are the ancestral form of the early deuterostomes. There is no attempt to reconcile their difference (such as the presence of the dorsal and ventral sclerotized rods) with the gill arch/slit system of various deuterostomes. Not to mention to interpret the difference in the body plan between Yunnanozoon and deuterostomes.
A recent effort to depict the ultrastructure of the carbonaceous remains reveals, as claimed by the authors, the arches of Yunnanozoon ‘consist of cellular cartilage with an extracellular matrix dominated by microfibrils’ (Tian et al., 2022). While cheering on this nanometer-level of triumph, cautious tests are needed to validate this high-tech achievement in 518 Ma years of fossils and to appraise how this finding can overcome the difficulties in reconciling the homologies of various characters of Yunnanozoon as highlighted above.
5 REVISITING CRITICAL ISSUES IN INTERPRETING PROBLEMATIC FOSSIL–A CASE OF YUNNANOZOON
Before coming to the inquiries on the new findings in Yunnanozoon, it would be worth looking over the steps required in interpreting the problematic fossils. At first, taphonomic consideration needs to be conducted as soft-bodied fossils are more prone to decay. During the process, phylogenetic characters can be lost, or taphonomic artifacts can be introduced. Indeed, most early controversies about Yunnanozoon were caused by the taphonomic process, such as the identification of notochord, neural cord, myomeres, dorsal and ventral fins, heard, atrio/atriopore, and pharyngeal teeth in the chordate hypothesis (Chen et al., 1999), and the proboscis and collar in hemichordate hypothesis (Shu et al., 1996). Secondly, the criteria for choosing a comparing model need to be clarified. And lastly, the homological assessment of all available characters needs to be conducted to meet the three criteria, conjunction, similarity, and congruence, proposed by Patterson (1982) about 40 years ago.
The main finding of the high-tech application is the identified microfibrils that are supposed to occur in the extracellular matrix of the arch cartilage (Tian et al., 2022). Two questions need to be addressed in reading the data supporting this claim, the robustness of the data and the potential of nano-meter biomolecules to be preserved in their original arrangement. While the second question might be beyond the scope of interpretation, here I just address the first one. The morphological evidence corroborating the identification of carbonaceous microfibrils mainly comes from two types of images, those collected with the Scanning Electronic Microscope (SEM) and those with the Transmission Electronic Microscope (TEM). It is not clarified in the methodology section whether the specimens were coated before scanning (Material and Methods in Tian et al., 2022). The common appearance of smooth patches, though, indicates that coating has been applied (Figures 3D, F; fig. s3c-f, i, l, m therein). The grayscale in these images shows that the bundled microfibers can be very bright, similar to the inferred covering coating or to the fabric iron minerals at their broken profile (Figure 3F therein). Such a high grayscale is contradicted by the interpretation that these bundled microfibers are carbonaceous microfibrils, which would be expected with a relatively lower grayscale. Future work should focus on testing the carbonaceous nature of these microfibers and whether they are present in other parts of the fossils or even in the rock matrix. A point analysis of EDX is not adequate to argue that the whole structure is carbonaceous, as the signals collected by EDX at one point is normally expanded in the order of magnitude to its surrounding region.
The parameters of TEM images also need to be clarified. It is not even known whether the illustrated images (Figures 3G, H in Tian et al., 2022) are produced in the darkfield or the brightfield mode. This is important because the brightness in these two different imaging modes means different things. In the brightfield mode, the brightness, or the greyscale, of a TEM image indicates the degree of crystallinity, while in the darkfield mode, the higher greyscale normally marks heavier molecular/atom weight, such as metals. It is worth noting that, during the preparation of TEM samples and the ion cleaning before taking images, contamination by the metal ions is common. These contaminated ions normally have brighter grayscale and are enriched in the topographically higher region. Future work should aim to test whether the brighter spots illustrated in the TEM images of Tian et al. (2022) are carbonaceous remains. Furthermore, in situ preparation of TEM samples are also a plausible practice to check the original composition of the carbonaceous remains in the filamentous arches of Yunnanozoon.
Even if the interpreted microfibrils are confirmed, a more thorough assessment of the homology of the filamentous arches needs to be implemented. The interpreted dorsal and ventral horizontal rods in Tian et al. (2022) have been neutrally described as linear structures running along the anterior dorsal and ventral sclerotized rods (differ from ‘rods’ in Tian et al., 2022) showing a degree of stiffness (Figures 3B, D–G) (Cong et al., 2015). These linear structures are in pairs in both dorsal and ventral sclerotized rods, but there is no evidence to show that the dorsal and ventral linear structures are connected at the rear end of the feeding region. In lateral view, the width of these linear structures can vary, indicating that they might be a dorsal-ventrally extended structure. The depression of the space between the paired linear structures indicates a trench exists between them, further corroborating their dorsal-ventrally extended nature. The attaching points of the filamentous arches located in this trench are normally preserved as concave or convex small circular structures. It is these three-dimensional small circular structures exerting the linear structures a pattern of undulation.
The biggest challenge in homologizing the filamentous arches with the gill arches of chordates is the presence of dorsal and ventral sclerotized rods, which functionally not only support the filamentous arches but also probably drive their movement. Comparison across specimens indicates that the dorsal and ventral rods can move relative to each other, making the whole feeding complex function like a ‘jawed’ mouth (Figures 3D–G). Another challenge in this homologizing practice is the sac-shaped membrane coverings that are exterior to the filamentous arches. They are very easy to detach from the sclerotized rods (Figures 3F, G). With current evidence, the claimed finding of the bundled microfibrils cannot overcome all these barriers, thus even do not meet the criterium of similarity (ontogeny, topography and composition), one of the three testable rules in assessing homology (Patterson, 1982).
6 REMARKS
Although several ideas proposed by Stephen J. Gould, such as ‘weird wonders’ and the decreasing disparity through Phanerozoic, have been losing their standing, his metaphor about early animal evolution (and life evolution in general) remains telling (Gould, 1989). If we take the animals’ origin and their early radiation as one of the ‘speeches’ of life evolution, this “speech” (and all others) is only recorded on a ruined tape with some fragments (strata and fossils). Fossils represent the remains of the basic parts (words as components) of each sentence (evolutionary scenario) of the “speech,” which are the only components we can use for grammar parsing. We will never be able to rewind, erase and replay the tape again. But we can manage to recover what has been spoken in the tape fragments we are left with. In this sense, interpreting the Ediacaran-Cambrian fossils is more like trying to repeat (retell indeed, in almost all cases) the sentence they constituted in the tape in the most feasible way by drawing the parse tree of that sentence. The problematic fossils might be the most difficult part during paring each sentence of the “speech” by the Cambrian Explosion. However, the unremitting work in fossil discoveries, comparative studies of genic and genomic data, and molecular phylogenies together are bringing forth a more accurate framework to do this parsing. A repeatable and testable method for interpreting problematic fossils has been under development. The application of this method in a wide variety of problematic fossils promises that most interpretations can be fairly evaluated. With this developing method, we are parsing each sentence spoken by the Cambrian animals during their earliest radiation event.
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