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Microscopic medusozoans from the Cambrian Fortunian stage of South China are well known for their exceptionally preserved embryos and elongated tubes. However, additional details of their morphology remain unclear. This paper describes new medusozoan fossils showing the whole apical complement and covering the morphological integrity of Qinscyphus. The apical part of Qinscyphus is considered to be soft during early ontogeny, and the inverted pentagonal pyramid may gradually form with growth and development. This discovery of the apical complement of Qinscyphus is novel and essential to complement the external morphology of early medusozoan fossils. More importantly, the new specimens have different annuli with triangular thickenings, providing a more comprehensive view on the developmental sequence of Qinscyphus. Therefore, this work allows a better understanding of early medusozoans ecology and evolution.
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1 INTRODUCTION
The origin and evolution of medusa are the focus of both paleontologists and modern biologists (Park et al., 2012; Wang D et al., 2020). The most distinctive characteristics of medusozoans are their radial symmetry and their ability to swim (Han et al., 2020). Paleontologists have found numerous medusozoans in the early Cambrian (531.8–536.4 Ma) (Dong et al., 2013; Han et al., 2013; Liu et al., 2014a; Steiner et al., 2014; Dong et al., 2016; Liu et al., 2017; Wang et al., 2017; Shao et al., 2018b; Han et al., 2018; Shao et al., 2019a; Wang X et al., 2020). In the Zhangjiagou Section, South China, various Fortunian radial animals were found such as Olivooides, Quadrapyrgites, and Hexaconularia (Conway Morris and Chen, 1992; Van Iten et al., 2006; Van Iten et al., 2010; Liu et al., 2014b; Van Iten et al., 2014; Liu et al., 2017). These taxa were compared to cnidarians as they show a radial body plan with an apical–abapical differentiation (Conway Morris and Chen, 1992; Van Iten et al., 2006; Van Iten et al., 2010; Liu et al., 2014b; Van Iten et al., 2014; Liu et al., 2017). However, most olivooids structures are lacking from living cnidarians. Olivooid tubes had prominent annulations and fine longitudinal striations with the oral aperture being the only opening of these tubes (Liu et al., 2014a; Steiner et al., 2014). Therefore, olivooids were considered as coronate scyphozoans, and their elongate tubes were considered as polyp stages that develop after hatching (Conway Morris and Chen, 1992; Bengtson and Yue, 1997; Van Iten et al., 2006; Van Iten et al., 2010; Dong et al., 2013; Han et al., 2013; Liu et al., 2014a; Liu et al., 2017; Wang et al., 2017).
The microscopic animal, Qinscyphus, was first reported from the early Cambrian Kuanchuanpu Formation at the Zhangjiagou section in South China (Liu et al., 2017). Qinscyphus necopinus is a cup-shaped animal with an embryonic tissue (apical part) and a post-embryonic tissue (abapical part). The embryonic tissue formed an inverted pentagonal pyramid with a smooth surface (Liu et al., 2017; Shao et al., 2018a). Post-embryonic tissue was tube-shaped with densely spaced and slightly raised annuli (Liu et al., 2017). Several circlets of triangular thickenings formed five longitudinal rows, pentaradially arranged on post-embryonic tissues, each straddling several annuli (Shao et al., 2018a). Moreover, Qinscyphus might be a direct developer due to the comparable morphology of the oral part in both embryos and adults (Shao et al., 2018a; Qin et al., 2020). Qinscyphus was interpreted as a possible coronate scyphozoan for its pentagonal symmetry, its tube (comparable to a periderm), and its oral part (its only opening) (Liu et al., 2017). This paper reports five new three-dimensionally phosphatized specimens of Q. necopinus from South China; from which four are complete, unlike the fragmentary nature of previously described material, including partially the holotype.
2 MATERIALS AND METHODS
The studied specimens are deposited at the University Museum of Chang’an University (UMCU), Xi’an, China. They were extracted from the phosphatic limestone of the lower part of the second member of the Kuanchuanpu Formation, Zhangjiagou section, Xixiang County, southern Shaanxi Province, South China (Figure 1). The lithostratigraphy and biostratigraphy of the Zhangjiagou section were studied by Li (1984) and Steiner et al. (2004a), Steiner et al. (2007). The same locality and horizon have previously yielded abundant and beautifully preserved microfossils, such as specimens of Olivooides (Liu et al., 2014a; Steiner et al., 2014; Liu et al., 2017; Shao et al., 2018b; Shao et al., 2019a), Pseudooides, the oldest known priapulid–like cycloneuralians as well as other scalidophorans (Liu et al., 2014b; Shao et al., 2016; Shao et al., 2018b; Shao et al., 2019b; Wang et al., 2019; Wang D et al., 2020) and possibe Saccorhytus (Han et al., 2017; Liu et al., 2022). The fossil-bearing horizon correlates with the Anabarites trisulcatus–Protohertzina anabarica assemblage zone (Steiner et al., 2007; Steiner et al., 2014), which has an estimated age of 531.8–536.4 Ma and falls within the Fortunian Stage (Peng et al., 2020).
[image: Figure 1]FIGURE 1 | Location map and stratigraphic column of the Zhangjiagou Section in southern Shaanxi Province, South China. The key horizon yielding the current specimens is denoted by an arrow.
Nearly 300 kg of rock samples from the key horizon at the Zhangjiagou section (Figure 1) were cracked into football-sized pieces. Each sample was put in a plastic pail or basin with a capacity of 20 L macerated using diluted acetic acid (∼8%). The sieving and changing acid cycle requires three to 7 days, depending on the temperature (ambient temperature around 40°C in summer and 20°C in winter). Undissolvable residues dried naturally and were then handpicked under a binocular microscope. The microfossils were picked out and mounted on aluminium stubs for observation under a Hitachi S4800 environmental scanning electron microscope at Chang’an University, Xi’an. The figures were processed using Adobe Photoshop CS5.
3 RESULTS
Qinscyphus is rarely found in the Kuanchuanpu Formation, and most specimens in the collection are fragmented. The newly discovered specimens are three-dimensionally preserved and only four intact tubes with a preserved apical complement have been found (Figures 2A,H and Figures 3A,F).
[image: Figure 2]FIGURE 2 | SEM images of Qinscyphus necopinus respectively with one to three circlets of triangular thickenings. (A,E,H) lateral views of 2021XQB102, 2021XQB211, 2021XQB107; (B,F,I) oral views; (C,G,J) close-up oral views of (B,H,I); (D) the enlargement of the apical part of (A); In (I), white arrows denote the perradial belts with triangular thickenings, and black arrows denote the interradial belts. The scale bar represents 50 μm in (F), and 100 μm in other images.
[image: Figure 3]FIGURE 3 | SEM images of Qinscyphus necopinus respectively with three and six circlets of triangular thickenings. (A–E) 2021XQB105; (B) apical part; (C,D) enlargement of postembryonic crests with triangular thickenings; (E) enlargement of triangular thickening; (F–H) 2021XQB106; (G) apical view; (H) enlargement of the apical part. Scale bars: 100 μm. a = apical; aa = abapical; ap = apical part; aap = abapical part; ae = apical end; an = annuli; e = edge; oe = oral end; tt = triangular thickening.
Only one specimen (Figure 2A) reveals five longitudinal edges by slight folds corresponding to five groups of triangular thickenings (Figure 2D). These edges merge at the apical end (Figure 2A), with both length and width of 950 μm. The apical end is similar to the shape of the hatchlings of Olivooides (Figure 4), but has a smooth surface (Figure 3B). The apical end represents a small percentage of the entire organism (Figure 2D). However, for the remaining specimens, the apical part shows multiple distinct transverse folds, with no apparent longitudinal edges (Figures 3A,B,G,H).
[image: Figure 4]FIGURE 4 | SEM images of Olivooides multisulcatus. (A,D) XX21CHD01-1; (B,E) XX19-b05; (C,F) XX21CHD01-1; (D,E) enlargement of triangular thickening; (F) close-up oral views. Scale bars: 100 μm. a = apical; aa = abapical; ap = apical part; aap = abapical part; ae = apical end; oe = oral end; ss = stellate structure; tt = triangular thickening.
The post-embryonic tissue (abapical part) is tube-shaped with densely spaced and slightly raised annuli (Figures 3A,F). Five groups of triangular thickenings are developed radially on the abapical part (Figure 2I). In each group, the triangular thickening occurs repetitively every seven annuli, and straddles the next four to five annuli (Figures 3C,D). These annuli are only slightly raised, rather than strongly extended outwards to form ridges (Fig. 2C, 3D). The largest complete specimen with six circlets of triangular thickenings is 1.4 mm long and 1.1 mm wide (Figure 3F). Two oral views indicate that the new crest with five distinct triangular thickenings formed at the oral part (Figures 2F,I). Around the oral aperture, perradial belts and interradial belting are demarcated by marginal furrows, with a median furrow bisecting each interradial belt (Figures 2F,G,I,J). The morphology and number of triangular thickenings at the oral part are comparable to Olivooides multisulcatus (Figure 4F), while the new crest with triangular thickenings did not occur continuously but spaced several annuli to the next crest (Figure 3C). The new specimens are well preserved and have different circlets of triangular thickenings: one (Figure 2A), two (Figure 2E), three (Figure 2H, Figure 3A), and six circlets (Figure 3F). The surface of these triangular thickenings shows peristaltic deformation and distortion (Figure 3E), suggesting that the triangular tickenings were soft.
4 DISCUSSION
The Cambrian fossil embryos are represented by taxa of Markuelia, Pseudooides, Olivooides, Quadrapyrgites and Qinscyphus (Dong et al., 2013; Steiner et al., 2014; Dong et al., 2016; Duan et al., 2017; Liu et al., 2017; Shao et al., 2018a). However, the affinity of many Fortunian radial animals remains debatable. For example, Pseudooides was previously regarded as the embryonic stage of some co-occurring arthropod-like fossil (Steiner et al., 2004b). But it was challenged because the features were unusual for any arthropod or even bilaterian (Donoghue et al., 2006). Olivooides was proposed as a coronate scyphozoan (Bengtson and Yue, 1997; Yue and Bengtson, 1999; Dong et al., 2013; Dong et al., 2016) or an echinoderm (Chen, 2004), a cubozoan (Han et al., 2016a; Han et al., 2016b), a stem-group cycloneuralian (Steiner et al., 2014) or a diploblastic stem-group eumetazoan (Yasui et al., 2013). Quadrapyrgites might be the sister group of Olivooides (Steiner et al., 2014), and has been proposed as a stem-group cycloneuralian (Steiner et al., 2014), a coronate scyphozoan (Liu et al., 2014b), or a cubozoan (Han et al., 2016a). Qinscyphus might also be a coronate scyphozoan (Liu et al., 2017; Shao et al., 2018a). The coronate scyphozoan hypothesis for Olivooides, Quadrapyrgites and Qinscyphus is favoured here.
The possible polypoid cnidarians from the Fortunian stage correspond to Anabaritidae (Conway Morris and Chen, 1989; Kouchinsky et al., 2009), Hexangulaconulariidae (Qian and Bengtson, 1989; Van Iten et al., 2010; Steiner et al., 2014), Carinachitidae (Qian, 1977; Conway Morris and Chen, 1992; Yue and Bengtson, 1999; Liu et al., 2005; Liu et al., 2011; Han et al., 2018), Olivooidae (Steiner et al., 2010; Steiner et al., 2014; Han et al., 2016a; Han et al., 2016b) and Family uncertain (Steiner et al., 2004a; Dong et al., 2013; Shao et al., 2015). They had comparable radial symmetry, tube morphology, and developmental cycles. Furthermore, Olivooidae might include several genera with similar morphologies and developmental modes: Olivooides (Qian, 1977; Yasui et al., 2013; Steiner et al., 2014), Quadrapyrgites (Li, 1984; Li et al., 2007; Liu et al., 2009; Liu et al., 2014a; Steiner et al., 2014; Shao et al., 2019a), Qinscyphus (Liu et al., 2017; Shao et al., 2018a), Octapyrgites (Guo et al., 2020).
Olivooides multisulcatus (Figure 4) represents the closest analogue to Q. necopinus. Both are cup-shaped with an apical part and an abapical part (Figure 5). They had a similar body of pentaradial symmetry, five longitudinal rows of triangular thickenings and were found in coeval strata from South China. However, Q. necopinus and O. multisulcatus still had significant differences (Table 1). The apical part of Q. necopinus lacked tiny stellate protuberances on the external surface (Figures 4D,E). The newly described material shows multiple distinct transverse folds (Figure 2A) rather than an apparent longitudinal edge. Moreover, the triangular thickennings of O. multisulcatus occurred continuously and independently on each annulus (Figures 4A–C), whereas for Q. necopinus they appeared every four to seven annuli and straddled the next four to five annuli (Figures 3A,F and Figures 5C,D). Qinscyphus necopinus annuli were slightly raised rather than enormously extended ridged ones (Figures 3C,D). Those annuli might have contributed to a better stretching, contraction, and buffering in the living environment. Qinscyphus necopinus and O. multisulcatus also differed from each other by the absence/presence of stellate structures, and the shape of the perradial lobes and interradial belts in their embryonic stages. The perradial lobes of Q. necopinus had an elliptical end. The interradial belts had median and marginal furrows (Figure 5B). However, the interradial lobes of O. multisulcatus were strongly squeezed by the perradial lobes (Figure 5A) (see Shao et al., 2018a).
[image: Figure 5]FIGURE 5 | A comparative sketch of Olivooides multisulcatus and Qinscyphus necopinus. (A) Embryo of Olivooides multisulcatus; (B) embryo of Qinscyphus necopinus; (C) hatchling of Olivooides multisulcatus; (D) hatchling of Qinscyphus necopinus; Asterisks denote the boundary between the apical and abapical parts. (B) and (D) modified from Shao et al., 2018a. a = apical; aa = abapical; ap = apical part; aap = abapical part; ae = apical end; an = annuli; e = edge; il = interradial lobe; maf = marginal furrow; mef = median furrow; oe = oral end; pl = perradial lobe; ss = stellate structure; tf = transverse fold; tt = triangular thickening.
TABLE 1 | Morphological comparisons of Olivooides multisulcatus and Qinscyphus necopinus.
[image: Table 1]Previous work suggested that the apical part of Q. necopinus is an inverted pentagonal pyramid with five prominent longitudinal edges (Liu et al., 2017; Shao et al., 2018a; Qin et al., 2020). However, the new specimens did not show this feature (Figure 2; Figure 3). The apical part of the new specimens had multiple distinct transverse folds (Figures 3A,F), but no apparent longitudinal edges. Thus, there are two possible forms of the apical part of Qinscyphus: an inverted pentagonal cone or a circular one. This contrast might be resulting from intraspecific variations. However, considering that the new fossils show a circular cone in early ontogenetic stages (Liu et al., 2017), we suggest that the shape of the apical part might gradually become an inverted pentagonal pyramid with growth and development.
We consider that the embryonic tissue (apical part) of Qinscyphus necopinus was soft during early ontogeny (fossils with fewer circlets of triangular thickenings) (Figure 2A). As such, the transverse folds on the embryonic tissue might be taphonomic artifacts due to the soft nature of the apical part. And it is probable that this part was smooth during life. Even in adult individuals, the embryonic tissues could still show transverse folds in taxa such as Qinscyphus, Olivooides, and Quadrapygites (Steiner et al., 2014; Dong et al., 2016). These soft transverse folds were absent in previous reconstructions of Olivooides and Quadrapygites (Steiner et al., 2014), with transverse folds only occurring on the upper part of the embryonic tissue. Therefore, we modified the reconstruction of Q. necopinus based on the newly described material, by adding transverse folds on the entire embryonic tissue (Figures 5A,D).
Previously reported Qinscyphus were mostly fragmented. The new specimens preserved intact tubes with apical and abapical parts. They also show one (Figure 2A), two (Figure 2E), three (Figure 2H and Figure 3A), and six (Figure 3F) circlets with triangular thickenings respectively. Combined with previous studies, the developmental sequence of Qinscyphus is reconstructed (Figure 6). The oral part of the embryo had a morphology that is comparable to that of the hatched stages (Shao et al., 2018a), demonstrating that Qinscyphus underwent direct development. After hatching, the tube with transverse annuli and pentaradially arranged triangular thickenings began to develop. New annuli and triangular thickenings might have regenerated from within the abapical end. The circlet of triangular thickenings at the abapical end would have evaginated to form a new circlet of triangular thickenings. Qinscyphus would have elongated its length through the addition of annuli and triangular thickenings at the abapical end (Liu et al., 2017; Shao et al., 2018a).
[image: Figure 6]FIGURE 6 | Reconstruction of the developmental cycle of Qinscyphus necopinus.
5 CONCLUSION
The newly discovered fossils with the whole apical part complete the morphology of Qinscyphus. The apical portion of Q. necopinus is assumed soft during early ontogenetic stages. And, it does not always manifest as an inverted pentagonal pyramid. More importantly, the new specimens have different annuli with triangular thickenings, completing the developmental sequence and expanding the morphological disparity of Q. necopinus.
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